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PREFACE 


The  principal  bases  of  technical  progress  are  the  development 
of  power  engineering  [energetics],  the  automation  of  production  and 
the  development  of  new  materials.  Such  new  materials  must  satisfy 
the  complex  requirements  of  contemporary  technology,  possessing 
either  individual,  specific,  rather  clearly  expressed  properties, 
or  complexes  of  properties. 

Especially  great  importance  is  being  acquired  by  the 
development  of  materials,  which  can  be  exploited  at  extreme  —  very 
high,  or  very  low  -  magnitudes  of  temperatures,  pressures,  velocities, 
stresses,  radiation  fluxes,  gas  flows. 

Among  such  materials  the  most  promising  are  the  refractory 
metals,  their  alloys,  and  also  compounds  of  refractory  metals  with 
nonmetals  —  boron,  carbon,  nitrogen,  silicon,  and  so  forth,  many 
of  which  are  already  being  successfully  used  in  electronics,  atomic 
power  engineering,  semiconductor  and  dielectric  technology,  space 
technology,  contemporary  machine  building,  metallurgy,  the  chemical 
industry,  electrical  technology  and  other  fields. 

Special  interest  is  being  manifested  in  compounds  of  metals 
and  nonmetals  and  nitrogen,  the  so-called  nitrides,  among  which 
many  possess  high  refractoriness,  dielectric  and  semiconductor 
properties,  the  ability  to  develop  superconductivity  at  relatively 


high  temperatures,  with  high  chemical  stability  in  different 
aggressive  media,  wear  resistance,  and  others  - .catalytical  activity, 
low  melting  points,  low  values  of  hardness,  lubricating  properties. 

The  investigation  of  nitrides  began  in  the  first  third  of  the 
past  century  with  the  works  mainly  of  French  and  German  naturalists, 
but  was  especially,  expanded  at  the  beginning  of  the  Twentieth 
Century  in  connection  with  the  overall  development  of  chemistry  and 
the  requirements  of  metallurgy  ?~d  other  fields  of  technology. 

• 

A  considerable  contribution  to  the  investigation  of  the  methods 
of  production,  the  properties  and  the  fields  of  application  of 
nitrides  was  made  by  Russian  scientists,  of  whom  it  is  necessary  to 
mention  first  I.  I.  Zhukov,  who  carried  out  a  number  of  fundamentally 
important  and  in  many  respects  basic  works  on  nitrides  in  the  first 
quarter  of  the  Twentieth  Century. 

»  » 

Important  works  in  this  direction  were  made  abroad  by  G, 

Brauerj  R.  Junza,  G.  Hagg,  N..  Schqnln^rg,  E.  Gebhardt,  C.  Agte,  E. 
Griederich,  L.  Sittig.  -In  the  US^R  torks  on  the  synthesis  and 
Investigation  of  nitrides  of  the  ti’ra;  sition  metals  and  certain 
nonmetals  were  carried  out  in  the  ^Physicochemical  Institute  im. 

L.  Ya.  Karpov  under  the  leadership  of  B.  F.  Ormont,  on  electron 
diffraction  investigation  of  nitrides  —  in  the  Institute  of  Crystallo¬ 
graphy  of  the  Academy  of  Sciences  of  the  USSR  under  the  leadership 
of  Z.  G.  Pinsker.  In  recent  years  wor^s  have  expanded  on  refractory 
nitride  materials  (D.  N.  Poluboyarinov.  N.  I.  Voronin,  S.  G. 
Tresvyatskiy) ,  comprehensive  investigations  were  conducted  in  the 
Institute  of  Problems  of  the  Science  of  Materials  of  the  Academy 
of  Sciences  of  the  Ukrainian  SSR. 

However  the  problem  of  investigating  and  applying  nitrides  is 
still  far  from  being  solved  -  all  the  preceding  investigations  have 
only  outlined  the  most  promising  directions  for  subsequent,  more 
thorough  works. 
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The  Information  on  nitrides  ir>  extremely  scattered  in  various 
original  works,  which  appeared  during  the  last  one  and  a  half 
centuries  which  hampers  their  application  and  the  creation  of  a 
single  concept  about  this  important  class  of  inorganic  compounds. 

In  the  present  book  the  author  has  set  as  his  purpose  to  fill 
In  this  gap  to  some  degree  and  to  assist  in  the  subsequent  investiga¬ 
tion  and  expansion  in  the  application  of  these  compounds  in  practice, 
and  to  familiarize  the  large  community  of  metallurgists  and  chemists 
with  them. 


I 

1 

i 


It  is  natural,  that  this  first  attempt  cannot  be  free  from 
deficiencies. 


The  author  considers  it  his  duty  to  note  the  contribution  in 
the  investigation  of  nitrides,  which  was  made  by  his  talented 
pupil,  T.  S.  Verkhoglyadova,  who  prematurely  departed  this  life, 
and  also  to  express  his  deep  gratitude  to  P.  V.  G'el'd  for  the  great 
labor  in  reviewing  this  book  and  the  valuable  remarks,  which  made 
it  possible  to  substantially  improve  the  book,  and  also  to  all  the 
Soviet  and  foreign  scientists,  who  furnished  impressions  in  the-ir 
works,  which  substantially  facilitated  the  writting  of  this  book. 


* 


! 

i 

1 


i 


FTD-MT- 2 4-62-70 


viil 


INTRODUCTION 


Among  the  compounds,  formed  by  the  elements  of  the  periodic 
system  with  nonmetals,  the  compounds  with  nitrogen  —  the  nitrides  - 
occupy  a  special  place  with  respect  to  the  atom  ability  of  the  nitrogen 
to  accept  electrons  from  a  partner  with  the  completion  of  the  stable 
(in  an  energy  regard)  configuration  of  s  p  electrons  or  to  give  up 
an  electron  to  a  partner  with  the  formation  of  the  stable  sp^ 
configuration.  In  the  first  case  the  compounds  formed  possess  a 
clearly  expressed  ionic  bond,  in  the  second  -  a  typical  metallic 
bond,  and  in  both  cases  they  are  accompanied  by  a  larger  or  smaller 
fraction  of  a  covalent  bond,  which  becomes  predominant  or  practically 
the  only  one  in  compounds  of  nitrogen  with  nonmetals.  Thus,  a 
large  part  of  the  nitrides  is  characterized  by  resonance  [hetrobonding 
or  mesomersisr-O  binding  with  broad  ranges  of  a  fraction  of  different 
types  of  this  binding,  to  which  the  variation  in  the  nature  and 
the  values  of  the  physical  and  chemical  properties  correspond. 

Thus,  if  nitrides  of  nonmetals  are  chiefly  covalent  compounds  of 
the  dielectric  class,  then  the  nitrides  of  the  transition  metals 
with  a  deficet  of  nitrogen  as  opposed  to  stoichiometric  amount  and 
certain  nitrides  of  saturated  composition  (CrN  and  others)  possess 
semiconductor  properties  with  a  mixed  ionic-covalent-metallic -type 
of  oonding,  and  nitrides  of  the  alkali  and  alkaline-earth  metals 
are  ionic-covalent  compounds.  At  the  same  time  a  large  part  of 
the  nitrides  of  the  transition  metals  of  saturated  composition 
with  respect  to  nitrogen  are  typical 'metallic  substances. 
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The  relative  simplicity  of  the  electronic  rearrangements  of 
the  nitrogen  atom  itself  and  the  electronic  structure  of  nitrides 
makes  them  convenient  "model"  objects  for  studying  chemical  binding. 
The  variety  of  nitride  phases  with  broad  limits  .of  variation  in  the 
nature  of  the  binding  and  the  physicochemical  properties  ensures 
the  application  of  nitrides  in  different  regions  of  technology  and 
reveals  broad  potential  possibilities  for  creating  nitride  phases 
and  materials  based  on  them  with  the  previously  mentioned  properties. 

The  mechanism  of  nitride  formation  is  of  great  interest, 
especially  in  the  case  of  the  effect  of  nitrogen  on  simple  substances. 
With  respect  to  the  concepts  developed  in  the  present  monograph, 
of  a  nitrogen  molecule  has  a  structure  of  the  type  sp^rsp^,  where 
the  stable  spJ-configurations  are  bonded  to  each  other  by  paired 
electrons.  This  ensures  the  high ^bonding  strength  and  a  certain 
chemical  inertness  of  molecular  nitrogen,  and  also  the  latter 
recombination  of  atomic  nitrogen  into  molecular  nitrogen.  Therefore, 
for  the  formation  of  nitrides  it  is  necessary  either  to  disturb  a 
covalent  bond  which  requires  sufficiently  strong  excitations  of  a 
thermal  or  electrical  nature,  or  it  is  necessary  to  have  a  high 
acceptor  capacity  of  the  atoms  of  the  nitrided  substance,  or,  finally, 
the  transfer  by  the  nitridated  substance  of  electrons  to  the  nitrogen 
with  the  formation  of  s2p^-configurrtions  and  the  disturbance  as 
a  result  of  this  of  the  structural  configuration  of  molecular 
nitrogen  of  the  type:  stable  configuration  -  covalent  bond  —  stable 
configuration.  Thus,  the  study  of  the  process  of  the  nitridation 
of  simple  substances  makes  it  possible  to  draw  important  conclusions 
concerning  the  nature  of  chemical  binding  in  nitrides  and  those 
energy  changes,  which  occur  with  the  destruction  of  the  nitrogen 
molecule  and  the  formation  of  nitride  phases. 

With  the  formation  of  nitrides  from  complex  compound  of  the 
ionic  type  (by  their  thermal  dissociation)  nitrides  of  the  ionic 
type  will  also  be  frequently  formed;  this  type  is  not  inherent  to 
the  stable  state  and  is  metastable.  This  pertains  to  nitrides  of 
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transition  metals,  which  when  obtained  by  the  usual  methods  in  the 
stable  state  have  compositions,  not  characteristic  for  ionic  compounds, 
and  with  the  thermal  dissociation  of  certain  compounds  compositions 
are  obtained,  characteristic  for  ionic  substances, 

"Jr 

The  peculiarities  of  the  electronic  structure  of  nitrides 
determine  their  remarkable  properties  —  the  high  superconductivity 
of  certain  of  them,  the  high  values  of  thermo-emf,  the  great  magnitudes 
of  the  width  of  the  forbidden  zone,  the  extraordinarily  low  or 
extraordinarily  high  values  of  hardness  and  so  forth,  which  by 
itself  evokes  the  necessity  of  a  detailed  study  of  the  nature  of 
these  compounds.  However,  in  spite  of  the  accumulated  material  abcuc 
the  properties,  the  structure  and  the  peculiarities  of  the  processes 
of  producing  nitrides,  there  are  as  yet  essentially  no  works,  which 
would  make  it  possible  to  examine  all  data  from  a  single  point  of 
view,  in  .particular  from  the  point. of  view  of  the  electronic 
structure  of  nitrides.  Although  the  concepts  available  at  the 
present  time  concerning  this  question  chiefly  bear  a  qualitative 
character,  nevertheless  the  application  of  the  indicated  concepts 
can  lend  much  to  the  understanding! of  the  nature  of  nitrides. 

In  this  monograph  the  author  has  :set  himself  the  task  not  only 
collecting  as  much  as  possible  of  the  available  information  on 
nitrides,  but  also  cf  drawing  attention  to  the  Interesting  or  hard- 
to-explain  peculiarities  of  the  nitride  phases  and  the  processes  of 
their  formation. 
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CHAPTER  I 

THE  STRUCTURE  AND  PROPERTIES  OP  NITRIDES 

1.  The  Electronic  and  Crystalline 
Structures  of  Nitrides 

The  problem  of  the  electronic  structure  of  nitrides  is  part 
of  the  great  problem  of  the  electronic  structure  of  comnounds  of 
metals  and  nonmetals,  on  the  one  hand,  with  nonmetals,  on  the  other, 
and  at  the  present  time  certain  steps  in  its  solution  are  being  made 
mainly  as  part  of  the  investigation  of  compounds  of  transition 
metals  with  nonmetals.  This,  naturally,  is  connected  in  the  most 
intimate  manner  with  the  development  of  concepts  about  the  electron! 
structure  of  the  transition  metals. 

Characteristic  for  the  nitrides  of  transition  metals  is  the 
formation  by  them  of  interstitial  phases,  i.e.,  phases  with  simple 
structures,  structured  according  to  the  type  of  the  introduction 
of  nonmetal  atoms  into  the  crystal  structure  of  a  metal.  The 
condition  of  the  formation  of  such  phases  is  the  satisfaction  of 
the  Kagg  rule,  according  to  which  the  radii  ratio  of  a  metal  atom 
*  R^e  and  an  atom  of  nonmetal  R^  should  satisfy  the  criterion 

Rx  -  Rut  <  . 

0 

As  follows  from  the  data  of  Table  1,  for  nitrides  of  the 
transition  metals  the  ratio  R^iR.^  is  always  smaller  than  Hagg’s 
critical  value. 
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Table  1.  Ratio  for 

nitrides  of  transition  metals. 
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0,46 

Mn 
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0,56 
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0,52 
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0,51 

— 

Nl 

0,56 

Pd 

0,51 

Pi 

0,51. 

— 

— 

The  basis  of  interstitial  structure  of  a  meta3  lattice,  into 
the  tetrahedral  or  octahedral  pores  of  which  of  nonmetal  atoms 
are  introduced;  with  which  a  certain  distortion  of  the  lattice  can 
occur.  The  interstitial  phases  with  the  composition  Me^X  will 
usually  form  CPC-  [cubic,  face-centered]  lattice  (C12),  with  the 
composition  Me2X  -  a  hexagonal  compact  one  (H12)  with  the  composition 
MeX-CFS  ,C12),  or  CDS  [cubic,  body-centered]  (C8),  or  a  simple 
hexagonal  one  (H8)  [777].  Since  the  number  of  octahedral  pores  in 
H12  and  C12  lattices  is  equal  to  the  number  of  metallic  atoms,  and 
the  number  of  tetrahedral  pores  is  twice  as  large,  then  with  the 
placement  of  nonmetal  atoms  in  octahedral  pores  with  saturated 
composition  it  is  MeX,  and  with  the  occupation  of  the  tetrahedral 
pores  with  saturated  composition  it  is  f1eX2. 

The  introduction  of  nonmetal  atoms  into  the  lattices  of  transition 
metal  atoms  is  not  a  simple  placement  of  nonmetal  atoms  in  the  pores 
of  a  metal  lattice  with  the  formation  of  compounds  of  the  inclusion 
complex  type  [clathrate  compounds]  [778];  but  is  accompanied  by  the 
formation  of  strong  chemical  bonds  between  the  metal  and  nonmetal 
atoms,  fundamentally  changing  their  chemical  identity  and  physical 
properties. 

A  great  number  of  works  have  been  dedicated  to  the  clarification 
of  the  nature  of  such  chemical  bonds,  especially  during  the  past 
20-25  years.  One  of  the  first  attempts  to  understand  the  nature 
and  peculiarities  of  chemical  binding  in  interstitial  phases  was 
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undertaken  by  A.  Kh.  Breger  [779].  He  demonstrated  that  in  bringing 
about  chemical  binding  there  participate  both  d-,  s-valence  electrons 

*  of  a  transition  metal,  and  also  s-,  p-valence  electrons  of  nonmetals, 
which  will  form  resonance  bonds  in  six  directions  (in  the  .case  of 
octahedral  coordination)  practically  uniformly,  since  all  six 

*  neighbors  in  the  lattice  of  the  NaCl  type  are  located  at  identical 
distances  .from  the  central  atom.  Consequently,  with  respect  to  these 
concepts,  it  is  necessary  to  give  preference  to  the  so-called  atomic 
bonds,  i.e\ ,  mainly  covalent  bonds,  characterized  by  a  distribution 
of  electronic  density,  similar  to  the  distribution  in  diamond 
(electronic  density  between  the  closest  atoms  has  finite  value, 

not  differing  by  an  order  of  magnitude  from  the  maxima  of  the  electronic 
density  of  corresponding  atoms).  In. this  work  it  is  demonstrated 
that  the  covalent  bond  is  aff.ected  by  a  considerable  fraction  of  the 
ionic  bond,  increasing  with  the  transition  from  C  to  N  and  0,  and 
also  (in  isoelectronic  structures)  —  from  V  to  Ti.  Below  it  will 
be  shown  that  this  point  of  view,  little  known  earlier,  is  finding 
at  the  present  time  numerous  confirmations. 

Great  renown  has  been  obtained  by  the  point  of  view  of  the 
nature  of  chemical  binding  in  interstitial  phases,  developed  by 
Ya.  S.  Umdnskiy  [777,  78l]  and  consisting  in  the  fact  that  with  the 
introduction  of  nonmetals  into  the  lattices,  formed  by  metal  atoms, 
"metallizing”  of  the  nonmetal  atom  occurs,  i.e.,  the  transfer  to 
it  of  all  or  a  definite  part  of  the  valence  electrons  in  a  certain 
electronic  association,  common  for  metal  and  nonmetal  atoms,  and 
mainly  determining  the  metallic  nature  of  the  bond  between  the  atoms. 

It  is  assumed  that  the  valence  electrons  of  the  norynetals  partially 
^  pass  over  to  the  unfilled  electronic  d-subgroup  of  transition-metal 

atoms  which  leads  to  an  increase  in  the  binding  energy  in  the  crystal 
lattice,  bringing  them  closer  in  their  properties  to  elements  with 
1  more  build-up  shells  and  higher  binding  energies,  like  VJ  and  Mo. 

Since  the  ionization  potential  of  nitrogen  is  greater  than  carbon, 
the  electrons  of  nitrogen  atoms,  apparently,  participate  little  in 
the  build  up  of  the  d-shell  of  the  metal,  and  the  bonding  force  with 
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the  formation  of  nitrides  hardly  increases  [78].  Although  at  the 
present* lime  these  concepts  have  been  completely  rejected  in  practice, 
they  were  the  initial  stage  in  the  development  of  the  theory  of 
interstitial  phases.  *  * 

The  author  of  this  work  ha3  made  an  attempt  to  impart  a  certain 
quantitative  appraisal  of  the  possibility  and  the  degree  of  transition  'r 
of  valence  electrons  of  nonmetal  atoms  on  the  d-states  of  transition- 
metal  atoms  [782],  assuming,  after  ya.  S.  Umanskiy  that  the  probability 
of  such  a  transition  in  general  sh'ouid  increase  with  the  reduction 
of  the  ionization  potential  of  the  nonmetal  atom.  The  probability 
of  the  transition  of  the  valence  electrons  of  atoms  of  a  given 
nonmetal  for  the  d-state  of  the  metal  is  increased,  obviously,  with 
the  reduction  of  the  principal  quantum  number  of  valence  d-electrons 
(i.e.,  proportionally  1/N,  where  N  -  the  principal  quantum  number), 
thanks  to  the  possibility  of  the  occupation  by  an  electron  of  a 
site  on  the  d-shell  with  the  greatest  release  of  energy,  and  also 
with  the  reduction,  of  the  number  of  electrons  on  the  d-shell  of 
an  isolate^  transition  metal  atom  (proportionally  1/n,  where  n  -  the 
number  of  electrons  on  the  d-shell),  due  to  the  tendency  to  fill 
this  sfiell'.  Consequently,  the  probability  of  the  filling  by  an 
electron  of  a  nonmetal  atom  of  vacant  -  sites  and  the  d-shell  of  a 
metal  atom  is  determined  by  the  product  of  particular  events,  i.e., 
by  the  number  1/nN. 

The  correlation  of  the  physical  properties  of  interstitial 
phases  and  the  indicated  criterion,  called  the  "acceptor”  capacity 
of  a  transition  metal  atom,  is  completely  satisfactory  and  made  it 
possible  from  definite  positions  to  explain  the  nature  of  many 
properties  of  interstitial  phases..  To  this  question  are  dedicated  * 

our  numerous  works;  some  of  which  were  completed  Jointly  with  V.  S. 

Neshpor  and  other  colleagues  (see,  for  example,  [783-790]).  It  is 
necessary  to  note  that  these  correlations  have  not  lost  their  •-  * 

significance  at  the  present  time,  however  in  the  number  1/nN  a 
completely  different  significance  is  placed  than  the  capacity  following 
from  the  concepts  of  Umanskiy  of  transition-metal  atoms  to  "accept" 

t 

valence  electrons  of  a  "metallized**  nonmetal  atom. 
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In  his  work  Parthe  [791]  indicates  the  necessity  of  .three- 
'  dimensional  bonds  in  lattices  of  interstitial  phases  and  phases 
related  to  them  for  explaining  the  observed  high  values  of  'the 
physical  properties  and  the  dense  packing  of  structural  elements  of 
the  smallest  size. 

According  bo  Rundle  [792],  with  the  introduction  of  a  nonmetal 
into  a  transition  metal  the  Me-Me  bond  is  weakened,  and  the  electrons 
accomplishing  this  bond  in  the  metal  partially  change  to  an  Me-X 
bond.  He  assumes  that  the  bond  in  lattices  of  interstitial  phases 
are  chiefly  covalent  (as  does  Breger  also),  and  for  interstitial 
phases,  formed  by  transition  metals  of  the  first  row,  four  electron 
pairs  resonate  with  respect  to  six  bonds  (formed  by  the  three  2p-orbits 
of  the  nonmetallic  atoms).  Such  bonds  are  "electron-deficient", 
similar  to  the  bonds  in  boron  hydrides  (boranes),  and  are  characterized 
by  the  fact  that  the  paired-electron  structure  of  the  bond  should 
leave  the  stable  bonding  orbitals  unused.  In  such  a  case  several 
atomic  orbitals  can  be  combined  to  form  a  bonding  orbital  with  a 
minimum  of  energy  -  such  a  combined  orbital  contains  only  one 
electron  pair,  but  can  effectively  bind  more  than  two  atoms.  Thus 
the  concept  of  semibonds  arises,  which  will  be  formed,  when  one 
element  should  have  more  stable  bonding  orbits  than  valence  electrons 
(i.e.,  it  should  be  In  general  a  metal),  and  the  other  component 
should  have  relatively  few  bonding  orbits  and  be  in  general  a 
nonmetal;  also  the  electronegativities  of  both  components  should  not 
substantially  differ.  Phases  of  interstitial  of  the  MeX  type  with 
the  structure  of  NaGl  conform  to  these  three  conditions,  where 
X  *  C,  N  and  sometimes  0  (if  there  is  no  significant  difference  In 
electronegativity;  fluorine  is  always  too  electronegative  and  similar 
types  of  phases  will  not  form).  With  the  Increase  of  the  atomic 
number  of  the  transition  metal  in  the  group  an  even  greater  number 
of  electrons  of  the  metal  participates  in  the  Me-Me  bonds  and  a 
smaller  number  of  them  is  transmitted'  to  an  Me-X  bond  which  causes, 
in  the  opinion  of  Rundle,  difficulty  fn  the  formation,  for  example, 
by  the  transition  metals  of  the  VI  group  of  phases  of  the  MeX  type 
with  the  structure  of  NaCl. 


5 


In  the  work  of  Engel  [7933  concepts  have  been  developed  about 
the  fact  that  each  atom  has  fixed  and  a  clearly . definite  pattern  of 
quantum  states,  which  is  essentially  invariable;  in  any  chemical 
transformations,  allotropic  modifications  transitions  of  electrons 
from  one  quantum  state  to  another  are  observed,  but  without  variation 
in  the  general  quantum  pattern  which  is  constant  for  a  given  atom. 

To  a  certain  extent  Engel  approaches  concepts  concerning  sets  of 
stable  electronic  configurations,  about  which  more  will  be  indicated 
below.  In  examining  a  compound  of  transition  metals  with  nonmetals, 
Engel  considers  that  the  ionization  of  atoms  of  nonmetals  with  the 
transfer  of  a  part  of  the  valence  electrons  to  the  d-state  of  atoms 
of  transition  metals  is  the  most  energetically  efficient  (spd- 
hybridizatlion  he  considers  improbable  because  of  energy  considerations, 
since  mixed  compounds  are  usually  weaker  [79*0 ).  Thus,  Engel's 
views  in  practically  no  way  differ  from  the  concepts  of  Umanskiy 
and  the  concepts,  developed  in  our  previous  works.  Kiessling  occupies 
the  same  positions  [7953 *  confirming  that  the  transfer  of  electrons 
by  nonmetal  atoms  to  metal  atoms  strengthens  the  Me-Me  bond,  which 
is  determinant  for  interstitial  phases  as  compared  to  the  Me-X 
bond.  Similar  views  were  also  developed  by  Robins  [7963,  who 
considers,  however  that  for  the  formation  of  interstitial  phases 
the  Me-X  bond  is  determinant.  Robins  considers  that  the  principal 

i  1 

characteristics  of  interstitial  phases  is  the  relationship  of 
the  electronic  concentration  of  the  bond  to  the  coordination  number 
of  atoms  of  the  metal. 

Toman  [9^8]  also  considers  that  in  compounds  with  nonmetals  the 
3d-transition  metals  decrease  the  fullness  of  the  sp-band,  capturing 
electrons  from  it,  where  this  ability  to  capture  is  reduced  in  the 
direction  Cr  >  Mn  >  Fe  >  Co.  For  nickel  the  least  ability  to  capture 
electrons  is  practically  equal  to  zero. 

.  Recently  concepts  have  been  developed,  based  on  the  variation 
Ox  the  density  function  of  the  states  near  the  Fermi  surface  with 
the  variation  of  the  concentration  of  valence  electrons  for  the 
atom  [797-8023.  It  has  been  shown  that  the  extremes  for  the  density 
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curve  of  the  states  correspond  to  certain  extreme  values  of  the 
electrophysical,  thermodynamic  and  other  properties.  Of  special 
interest  is  the  work  of  Dempsey  [802],  in  which  although  the  point 
of  view  of  Umanskiy  is  taken  about  the  acceptor  character. of  d- 
elements,  and  also  the  donor  role  of  nonmetals,  nevertheless  there 
is  indicated  the  substantial  role  of  the  covalent  bond  between  atoms 
of  the  transition  metals  and  its  absence  in  practice  between  metals 
and  nonmetal  atoms.  Attention  is  turned  to  the  existence  of  specially 
stable  zones,  containing  about  6  electrons  (5. 5-6. 5  electrons)  to 
which  the  extreme  properties  of  metal  with  nonmetal  compounds  correspond. 

Not  having  the  possibility  to  examine  in  detail  all  the  indicated 
concepts,  it  is  necessary  to  note  that  in  the  majority  of  the  given 
theories  it  is  assumed  that  in  the  formation  of  compounds  of  the 
type  of  interstitial  phases  the  nonmetal  atoms  transfer  part  of  their 
valence  electrons  to  the  d-states  of  transition-metal  atoms.  The 
degree  of  transfer  is  reflected  on  the  nature  of  the  dependence  of 
the  density  of  the  states  on  the  number  of  valence  electrons  on  the 
atom.  The  special,  extreme  properties  of  a  substance  correspond 
to  the  extreme  values  of  the  density  of  the  states. 

A  somewhat  different  approach  to  the  consideration  of  the 
electronic  structure  and  properties  of  compounds  of  metals  and 
nonmetals  with  nonmetals  is  possible  [803].  In  the  formation  of  a 
solid  from  isolated  atoms  the  valence  electrons  of  the  latter  are 
partially  localized  near  the  cores  of  the  atoms,  and  partially 
go  over  to  a  nonlocalized  state.  The  localized  fraction  of  the 
valence  electrons  forms  a  rather  broad  spectrum  of  configurations, 
distinguished  by  their  energetic  stability,  i.e.,  by  the  reserve 
of  free  energy,  so  that  along  with  very  stable  configurations  to 
which  the  minimum  of  free  energy  corresponds,  there  appear  fewer  and 
very  unstable  ones.  Assuming  that  the  statistical  weight  of  the 
stablest  (in  an  energetic  regard)  electronic  configurations  of 
atoms  substantially  exceeds  the  statistical  weight  of  the  unstable 
ones,  it  is  possible  to  ascribe  to  each  atom  states,  corresponding 
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to  a  limited  number  of  the  stablest  configurations,  calling  the 
latter-  stable.  Between  the  stable  configurations  and  the  nonlocalized 
part  of  the  valence  electrons  an  exchange  is  carried  out,  responsible 
for  the  bond  between  the  stable  configurations,  and  consequently 
the  cores  of  the  atoms  with  each  other.  Between  the  nonlocalized 
electrons  a  strong  negative  interaction  is  carried  out,  which  leads 
to  the  repulsion  of  the  stable  configurations  and  the  cores  of  the 
atoms  by  each  other,  which  cause  disintegration  of  the  crystal  lattice 
and  weakening  of  the  bond  between  the.  atoms.  These  initial  circum¬ 
stances  make  it  possible  to  examine  from  single  point  of  view  the 
peculiarity  of  the  electronic,  crystal  structure  arid  the  properties 
of  the  elements  and  their  compounds.  It  is  expedient  to  subdivide 
all  chemical  elements  into  three  basic  groups  by  the  criterion  of 
the  configuration  of  the  valence  electrons  of  their  isolated  atom's: 

1)  s-elements,  having  external  s-electrons  with  completely 
filled  or  completely  unfilled,  deeper  lying  electronic  shells; 

2)  ds-  and  fds-elements,  the  atoms  of  which  have  incomplete 
d-  or  f-shells; 

3)  sp-e]ements,  having  sp-valence  electrons. 

To  the  first  group  belong  the  nontransition  metals,  to  the 
second  —  the  transition  metals,  to  the  third  —  the  nonmetals  and 
so-called  semimetals. 

Transition  metals.  The  maximum  number  of  electrons  on  the 
d-shell  of  the  transition  metals  is  equal  to  10,  and  on  the  f-shell  - 
14.  In  the  formation  of  a  metallic  crystal  from  isolated  atoms  of 
d-transition  metals  the  localized  part  of  the  valence  electrons 
can,  as  was  noted,  form  any  configurations,  among  which  the  stablest 
(in  an  energy  regard)  for  d-elements  are  d^  (identical  to  an  under¬ 
lying  s2p^-configuration) ,  d^  and  d10-.  The  energetic  stability 
of  such  configurations  was  demonstrated  in  the  works  on  the  ligand 
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field  theory  [8g4,  8053.  The  stabilization  energy  of  a  crystal  field 
in  the  contemporary  theory  of  catalysis  is  equal  to  zero  with  the 
number  of  electrons  on  the  d-shell,  equal  to  0,  5»  and  10  £806]. 

In  works  [807»  808]  the  spherical  symmetry  of  the  indicated  configur¬ 
ations  was  demonstrated,  to  which  the  minimum  free  energy  should 

r  ta 

correspond.  In  work  [809]  the  stability  of  d  -  and  d  -configurations 
was  established  from  the  point  of  view  of  their  energetic  efficiency 
in  optical  terms,  where  the  conclusion  concerning  the  greater 

c 

stability  of  d  -configurations  was  made.  The  great  stability  of 
the  semifilled  d-  and  f-states  was  also  demonstrated  in  work  [53. 

The  resistant  or  stable  configurations  are  the  basis  of  the  covalent 

f 

bond.  According  to  Pauling  [810,  811],  the  maximum  covalency  is 
observed  in  the  middle  of  each  period  of  the  system  of  elements. 


The  distribution  of  valence  electrons  was  established  by  X-ray 


spectral  investigation  (with  the  transition  of  atoms  from  an  isolated 
state  to  the  state  of  a  metallic  crystal)  for  this  ensuring  a 


covalent  bond  (localized  electrons/)  and  collectivized  bonds  (non- 
localized  electrons)  (Table  2).  'J 

:  r  - 

t 

Table  2.  Distribution  of  valence  electrons 
for  atoms  of  transition  metals  and  the  Stat¬ 


ic 

istical  weight  of  atoms  with  d-'-configurations 
in  metallic  crystals. _ _ _ 


Metal 

■ 

Number  of 
valance 
electrons 
(d  *  s) 

Localized 

electrons 

Nonlooalized 

electrons 

Literature 

Static 
weight  of 
atoms  with 
d5-oonf  igu- 
rations 

5c 

3 

« _ 

. . 

18 

Y 

3 

— 

22 

La 

3 

— 

— f 

.  — - 

23 

Ti 

4 

43 

Zr 

4 

<—2,6 

^1  f4 

{312,  8131 

52 

Hf 

4 

<—■ 

—  • 

— 

55 

V 

5 

— 

— 

63 

Nb 

5 

~3, 7-3.9 

-.1,1-1 .3 

18141 

76 

Tt 

5 

— , 

— 

5  i  ^ 

81' 

Cr 

6 

—3,5 

—2,5 

{815J 

73 

Mo 

6 

~Q.9S-1.05 

• 

88  - 

W 

8 

• 

94 

•According  -to  M.  I.  Kortunekiy  and  Y a.  Ya.  Gankin. 
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Assuming  that  the  atoms,  having  in  the  isolated  state  a  number 

of  electrons  on  the  d-shell  nd  £  5»  will  mainly  form  only  the  stable 

0  s 

configurations  d  and  dJ  of  localized  electrons,  the  statistical 
c; 

weight  of  d‘ -configurations  of  atoms  in  metallic  crystals  of 
zirconium,  niobium  and  chromium  can  be  determined. 

Proceeding  from  these  results,  the  statistical  weight  of 
5 

d  -configurations  for  the  remaining  transition  metals  with  nd  £  5 
(using  the.  number  1/Nn)  can  be  approximately  evaluated. 

Similar  data  can  be  determined  in  determining  according  to  the 
value  of  the  Hall  constant  the  number  of  current  carrier  in  a  unit 
cell  on  one  atom,  assuming  a  one-zone  model  (which,  in  turn,  is 
justified  by  the  localization  of  a  part  of  the  valence  electrons 
near  the  cores  of  atoms  of  transition  metals)  and  considering  the 
current  carriers  a  nonlocalized  part  of  the  valence  electrons.  A 
corresponding  calculation,  carried  out  by  V.  A.  Gorbatyuk  (Kiev 
Polytechnic  Institute)  and  in  work  [1037]  led  to  approximate  results. 

t? 

Thus,  the  statistical  weight  of  d^-configurations ,  according  to  his 
data,  was  equal  to:  for  Ti  -  44$,  Nb  -  76$,  Mo  -  86$,  Ta  -  78$. 

A  deviation  was  observed  for  chromium  (83$),  vanadium  (78$),  tungsten 
(81$)  which  is  explained  by  the  inaccurate  determination  .of  the  Hall 
constant . 

Thus,  with  an  increase  in  the  number  d-electrons  in  the 
valence  shell  of  isolated  atoms  there  is  an  increase  in  the  statistical 
weight  of  atoms,  possessing  d  -configurations  in  metallic  crystals. 

With  an  increase  in  the  principal  quantum  number  of  valence  d- 
electrons  the  energetic  stability  of  d  -configurations  is  increased. 

For  d-elements  with  5  <  nd  <_  10  it  is  possible  to  assume  the 
presence  of  atoms  with  the  two  stablest  electronic  configurations 

5  10 

d^  and  d  ,  where  the  statistical  weight  of  atoms,  possessing 
d10-configurations ,  increases  with  the  increase  in  nd. 
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The  essential  difference  between  metallic  crystals  with 
nd  <_  5  and  nd  >  5  is  the  fact  that  for  n^  <_  5  a  considerable  part 
of  nonlocalized  electrons  is  characteristic,  whereas  for  metals 
with  nd  >_  5  the  electrons,  liberated  in  the  formation  of  d  - 
configurations,  are  practically  completely  used  for  the  formation 
of  d^-configurations.  This,  in  particular,  is  apparent  from  the 
values  of  the  number  of  current  carriers  on  the  atom,  equal  to 
for  Pe  -  0.1,  Co  -  0.19,  Hu  -  O.OM,  Pd  -  0.13,  Pt  -  0.5  [1037] 
that  indicates  the  considerable  "mobilization"  of  all  electrons  for 
the  construction  of  stable  configurations. 

An  analogous  pattern  is  observed  for  f-elements,  where  the 

metallic  crystals  of  elements  with  nf  <_  7  are  combinations  of  atoms 
0  7 

with  f  and  f  -configurations  and  a  considerable  number  of  nonlocalized 

7  l  U 

electrons,  and  with  nf  >  7  —  combinations  of  f-  and  f  -configurations 
with  a  small  number  of  free  electrons ,  where  the  stablest  is  the 
semifilled  f' -state,  and  the  energetic  stability  of  the  corresponding 
f-states  is  increased  with  an  increase  in  the  principal  quantum 
number  of  f-electrons. 

In  all  cases  an  increase  in  statistical  weight,  the  energetic 
stability  of  stable  configurations  and  a  corresponding  decrease  In 
the  statistical  weight  of  nonlocalized  electrons  causes  an  increase 
in  the  bonding  forces,  hardness,  and  melting  points. 

Nontransition  metals.  In  the  joining  of  s-metal  atoms  into 
crystals,  apparently,  for  metals,  having  an  s1-valence  electron, 

p 

the  joining  .into  s  -pairs,  having  spherical  symmetry  and  accordingly 

p 

high  stability;  in  the  case  of  s  -metals  —  the  disturbance  of  the 

pairs  for  the  possibility  of  organizing  of  the  compound  between  the 

2 

atoms.  The  energetic  stability  of  s  -configurations  decreases  with 
the  increase  in  the  principal  quantum  number  of  s-valence  electrons. 

The  statistical  weight  of  s  -configurations  sharply  decreases  with 
the  possibility  of  the  transfer  of  part  of  the  s-electrons  to  completely 
vacant  deep- lying  d-  oi  f-shells  (for  example,  for  potassium,  silver). 
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For  metals  of  the  beryllium  subgroup  s  **>  p-transfers  are  possible 

p 

with  the  transformation  of  s  -configurations  into  sp-configurations. 

Due  to  a  decrease  in  the  energetic  stability  of  any  sp-configurations 
with  an  increase  in  the  principle  quantum  number  of  sp-valence 
electrons  (see  below),  this  s  -*•  p-transfer  is  especially  clearly 
expressed  for  beryllium,  weaker  for  magnesium  and  for  calcium  is 
practically  completely  suppressed  by  the  transfer  of  part  of  the 
s-electrons  to  energetically  stable  d-states  which  subsequently 
develops  for  strontium,  barium,  and  radium. 

Nonmetals .  For  nonmetal  atoms,  having  in  isolated  state  sp- 
valence  electrons,  the  tendency  toward  the  formation  of  more  ener- 
getically  stable  sp  -  and  s  p  -configurations  is  characteristic.' 

If  an  s  p  -configuration  can  be  really  called  stable  and  efficient 
from  the  point  of  view  of  the  energetic  state  of  the  atom,  then 
the  sp^-configuratlon  is  not  stable  in  isolated  atoms;  it  arises  due 
to  the  effect  of  the  field  of  the  crystal  lattice  [809]  and  can  be 
called  quasi-stable.  The  energetic  stability  of  monotypic  sp- 
configurations  always  decreases  with  an  increase  in  the  principle 
quantum  number  of  the  sp-valence  electrons  (for  example,  in  the 
carbon  group  -  the  decrease  in  the  width  of  the  forbidden  zone, 
the  hardness,  the  melting  point  from  diamond  to  germanium,  the 
degeneration  of  sp ^-configurations  for  tin  at  normal  temperatures, 
for  lead  -  at  any  temperatures,  the  severe  delocalization  of  electrons, 
appearance  of  high  plasticity). 

All  elements,  located  to  the  left  of  the  nitrogen  group  (Be, 

B,  C,  their  analogs  in  corresponding  groups),  tend  due  to  s  +  p- 
transfers  and  the  mutual  exchange  of  electrons  to  acquire  the 
maximum  statistical  weight  of  the  most  energetically  stable  sp- 
configurations;  on  the  other  hand,  the  elements,  located  to  the 
right  of  nitrogen  (0,  F  and  their  analogs  in  the  groups),  tend  to 
build  up  to  a  stable  s^p  -configuration.  Nitrogen  and  its  analogs 
with  respect  to  the  group  occupy  an  intermediate  position.  On 

the  one  hand,  a  nitrogen  atom,  having  in  an  isolated  state  a  configu- 

2  ■?  p  3  1}  3 

ration  of  s  p  -valence  electrons,  is  transformable:  s  pJ  +  sp  -*•  sp  + 

•? 

+  p  with  the  formation  of  sp-configurations  and  the  transfer  to  a 
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partner  of  one  p-electron,  and  on  the  other  -  can  accept  electrons 
from  a  partner  by  combination  with  the  formation  of  s^p  -configurations. 
This  peculiarity  of  the  nitrogen  atom  determines  the  electronic 
structure  of  its  compounds  with  metals  -  nitrides  and  the  compounds 
of  nitrogen  with  nonmetals. 

Proceeding  from  these  concepts,  certain  general,  and  also 
concrete  considerations  about  the  electronic  structure  of  nitrides 
and  their  physical  and  chemical  properties  can  be  expressed. 

Nitrides  of  nontransition  metals.  The  low  ionization  potentials 
of  atoms  of  alkali  metals  mainly  causes  the  transfer  of  their 
valence  electrons  to  nitrogen  atoms  with  the  formation  of  nitrides 
of  the  Me^N  composition  which  are  compounds  of  the  ionic  type.  Along 
with  this  the  transfer  by  nitrogen  atoms  of  the  highly  mobile 
p-electron  to  atoms  of  alkali  metals  with  the  formation  MeN^  azides 
is  possible,  where,  for  example,  for  sodium,  potassium  and  so  forth, 
the  formation  of  an  azide  is  even  more  probable  than  of  a  nitride, 
in  spite  of  the  ionization  potential  decreasing  in  this  direction. 

This  is  explained  by  the  fact  that  beginning  with  potassium  the 
filling  of  the  deep-lying  d-states  occurs,  the  stability  of  which 
increases  with  the  increase  in  the  principle  quantum  number,  which 
causes  the  transfer  of  the  highly  mobile  electron  from  the  nitrogen 
atom  to  an  atom  of  an  alkaline  metal. 

In  the  formation  of  azides  (M'eN^)  the  determining  factor  is 
the  grouping  of  the  nitrogen  atoms,  therefore  the  frequencies  of  the 
oscillations  of  a  linear  N^-group  in  different  azides  differ  from 
each  other  insignificantly  [824], 

Analogous  phases  are  formed  by  the  metals  of  the  copper  subgroup, 
the  atoms  of  which  can  chiefly  transmit  valence  electrons  to  nitrogen 
atoms  with  the  formation  of  a  combination  of  d10-  and  s2p^-stable 
states  with  a  less  expressed  nature  of  ionic  bond  as  compared  to 
nitrides  of  alkali  metals  (since  for  the  latter  two  s  ^-configurations 


are  combined,  and  for  nitrides  of  copper  and  others  d10-  and  s2p^- 
configurations,  i.e.,  configurations,  typical  for  metallic  and  ionic 
bonds).  This,  in  particular,  causes  the  semiconductor  (arid  not  the 
dielectric)  properties  of  metal  nitrides  of  the  copper  subgroup,  and 
also  the  appearance  of  the  cubic  structure  (and  not  the  tetragonal 
or  hexagonal). 

The  composition  of  the  nitrides  of  beryllium,  magnesium  and 
the  alkaline  earth  metals  corresponds  to  the  formula  Me^M2,  which 
Indicates  the  transfer  of  valence  electrons  of  the  metai  to  the 
nitrogen  atoms  with  the  formation  of  s2-combinations  (for  Be)  or 
s^p  -configurations  (for  all  others)  with  s2p^-configurations  of  the 
nitrogen  atoms.  Due  to  the  appearance  for  calcium  of  the  possibility 
of  the  transfer  of  part  of  the  vrlence  electrons  to  vacant  d-states 
the  nitrogen  complex  with  the  transfer  of  part  of  the  electrons  of 
nitrogen  atoms  to  calcium  is  complicated  which  causes  the  formation 
of  the  pernitride  Ca^N^.  The  increase  of  the  energetic  stability 
of  the  d-states  causes  for  strontium  the  appearance  of  still  a 
greater  number  of  nitride  phases,  including  the  subnitride  Sr?N, 
possessing  a  metallic  nature  (an  analogous  subnitride  phase  also 
exists  for  barium). 

In  metal  nitrides  of  the  zinc  subgroup,  as  well  as  in  metal 
nitrides  of  the  copper  subgroup  there  will  be  formed  combinations 
of  the  two  stable  d10-  and  s2p^-configurations  (Me^Ng)  with  the 
cubic  lattice  corresponding  to  these  combinations. 


Nitrides  of  transition  metals.  With  the  formation  of  nitrides 
of  transition  metals  there  is  assumed  the  formation  for  nitrogen 
atoms  of  both  s2p^-  and  also  sp^-configuratlons ,  the  relationship 
of  the  statistical  weights  of  which  depends  on  the  peculiarities  of 
the  partner  in  the  compound.  In  proportion  to  the  increase  of  the 

c 

statistical  weight  of  d  -configurations  of  atoms  of  a  itransition 
metal  in  a  metallic  crystal  the  possibility  of  the  transfer  of 
nonlocalized  electrons  to  nitrogen  atoms  should  decrease  with  the 


formation  by  the  latter  of  sp  -configurations,  i.e.,  tne  statistical 

C  2  3 

weight  of  the  d'-  and  spJ- configurations  increases  and  the  statistical 

C  2  6 

weight  of  the  d^-  and  s  p  -configurations  of  the  atoms  of  metal  and 
nitrogen,  entering  into  the  composition  of  the  jnitride  decreases. 

• 

In  that  same  direction  those  properties  of  the  nitriae  phases 
should  increase,  the  increase  of  which  is  connected  with  the  increase 
of  the  statistical  weight  of  the  most  energetically  resistant  stable 
configurations  and  the  decrease  of  the  statistical  weight  of  the 
nonlocalized  electrons,  but  up  to  a  definite  limit,  since  in  the  case 
of  the  very  high  statistical  weight  of  the  d  -configurations  of 
the  metal  atoms,  the  atoms  of  nitrogen  cannot  acquire  sp  -configurations 
and  their  highly  mobile  electrons  (higher  than  the  sp^-configuration) 
cause  intense  disintegration  of  the  lattice. 

Substantial  results  in  the  study  of  the  nature  of  chemical 
bonding  in  nitrides,  especially  of‘  the  transition  metals,  were 
obtained. with  X-ray  spectral  investigations  [227,  228,  836-841,  971]. 

In  [228]  there  is  Indicated  the  displacement  of  the  relative  maximum 
electronic  density  in  titanium  nitride  toward  the  nitrogen  atom  and 
the  appearance  of  a  strong  fraction  of  ionic  bonding  [840]  in  contrast 
to  titanium  carbide,  where  the  equal  affiliation  of  the  electronic 
aggregate  is  assumed  to  metal  and  to  nonmetal.  Analogous  conclusions 
are  drawn  in  [227].  With  the  replacement  of  nitrogen  atoms  in 
titanium  nitride  by  carbon  atoms  (starting  with  a  30$  concentration 
of  carbon  in  C  +  N)  the  pattern  of  the  chemical  bonds  sharply  changes, 
which  substantially  departs  from  additivity  [837].  The  X-ray  spectral 
investigation  of  vanadium  nitride  in  comparison  with  vanadium  oxide  ' 

makes  it  possible  to  discuss  the  greater  fraction  of  covalent 
bonds  in  the  nitride  [836]. 

On  the  basis  of  X-ray  spectral  study  of  chromium  nitrides, 
carried  out  in  work  [815],  the  conclusion  was  drawn  about  the 
transfer  of  part  of  the  valence  electrons  of  chromium  to  nitrogen 
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in  the  process  of  forming  nitrides,  and  also  about  the  greater  He -Me 
interaction  in  CrgN  as  compared  to  CrN  and  the  strong  Me-N  interaction 
in  the  CrN  lattice. 

The  authors  [839]  indicate  the  exclusion  of  part  of  the  valence 
electrons  from  the  metal  atom  in  niobium  nitride. 

Similar  views  were  developed  by  Hume-Rothery  [409],  who  considers 
that  -,he  introduction  of  nitrogen  Into  iron  leads  to  the  acceptance 
of  part  of  the  iron  electrons  by  the  nitrogen  atoms  and  the  liberation 
of  the  corresponding  3d-states  for  bonding ;  because  of  this  the  GPU- 
structure  of  alloys  of  iron  with  nitrogen  appears. 

From  the  results  of  X-ray  spectral  investigations  [841]  the 
conclusion  follows  concerning  the  transfer  of  a  part  of  the  valence 
electrons  in  nitrides  from  the  transition-metal  atoms  to  the  nitrogen 
atoms  which  agrees  well  with  assumption  about  the  localization  in 
a  part  of  the  nitrides,  especially  of  those  metals,  which  have  a  low 
weight  of  stable  d^-states,  valence  electrons  of  these  metals  in 

2  g 

sp  -states  of  nitrogen. 

This  applies  first  of  all  to  nitrides  of  transition  metals 
which  are  clearly  expressed  donors  of  a  noniocalized  part  of  the 
valence  electrons  (titanium,  zirconium,  hafnium  and  so  forth). 

For  nitrides  of  transition  metals,  manifesting  fewer  donor  properties 
(possessing  high  weight  of  atoms  with  stable  configurations),  it  is 

2  g 

possible  to  speak  about  formation  by  nitrogen  atoms  of  s  p  -  and 

"3 

sp  -configurations.  This  pertains,  for  example,  to  tantalum  nitride, 
the  X-ray  spectral  investigation  of  which  revealed  features  similar 

p  g 

to  Ta20^  (s  p  -configurations  of  nitrogen  atoms)  and  to  TaC,  TaB^-', 
(sp^-configurations  of  nitrogen  atoms)  [971]. 

*  *  *  * 

*  .  *  V'-JtJ 

Tendency  of  transition-metal  atoms  to  transfer  of  part  of  their';:"’ 
valence  electrons  to  nitrogen  atoms  especially  clearly  appears  in 
the  production  of  nitrides  by  the  careful  decomposition  of  compounds. 


where  the  netal  atoms  already  had  a  typical  ionic  form,  for  example, 
of  complex  ammonium-chloride,  ammonium-fluoride  and  other  similar 
compounds .  Metastable  compounds  also  will  be  formed  of  the  composi¬ 
tions  TiN^  ^g,  ZrN^  23>  TaN^  gy  (see  page  88). 

Information  about  the  character  of  chemical  bonding  in  nitrides 
can  be  obtained  from  a  consideration  of  the  dynamics  of  thermal 
vibrations  of  a  crystal  lattice,  as  was  done  in  [1029]  in  the 
processing  of  data  on  the  low-temperature  heat  capacity  of  titanium 
and  vanadium  nitrides.  It  has  been  shown  that  the  bonding  forces 
between  distant  neighbors  -  atoms  of  a  lattice  -  decrease  with  the 
transition  from  carbides  to  nitrides  and  further  to  oxides  of 
titanium  and  vanadium.  This  corresponds  to  the  smaller  energies  of 
atomization,  melting  points,  hardness  of  nitrides  as  compared  to 
carbides  and  is  caused  by  the  decrease  in  the  role  of  collectivized 
electrons  of  the  d-band  In  carrying  out  bonding  between  the  atoms 
in  the  lattice.  Also  partially  confirmed  is  the  covalent  nature  of 
bonding  in  nitrides  and  other  similar  compounds. 

Nitrides  of  nonmetals.  The  formation  of  nitrides  of  nonmetals 
and  in  general,  compounds  of  nonmetals  with  nitrogen  is  usually 
connected  with  a  minimization  of  the  energy  of  the  system  as  a 
result  of  the  formation  of  stable  sp-configurations  (with  a  tendency 
toward  the  formation  of  the  greatest  statistical  weight  of  atoms 

O  P 

with  the  stablest  sp  -  and  sp  -configurations). 

Such  general  considerations  about  the  electronic  structure  of 
nitrides  find  their  actual  reflection  in  the  peculiarities  of  the 
crystal  structure  and  the  physicochemical  properties  of  the  individual 
nitride  phases. 

2.  Physical  Properties  of  Nitrides 

Nitrides  of  nontransition  metals  [844],  The  nitrides  of  s- 
elements  are  structured  mainly  after  the  type  of  compounds  with  high 
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fractions  of  ionic  bonding,  caused  by  the  transfer  of  valence  electrons 
by  the  metal  atoms  to  the  nitrogen  atoms  with  the  formation  of  high 

r\  r  -I 

statistical  weight  of  s^p-  or  d  •-  and  s  p  -configurations  (for 

p 

lithium  and  beryllium  —  also  of  s  '-configurations).  This  determines 
the  semiconductor  properties  of  nitrides  with  a  similar  set  of 
stable  configurations.  Thus,  lithium  nitride  Li^N  up  to  3S0°C 
practically  does  not  conduct  electrical  current,  but  at  higher 
temperatures,  due  to  the  thermal  excitation  of  the  stable  configurations 
and  the  partial  delocalization  electrons,  it  begins  to  conduct 
current,  acquiring  the  properties  of  a  typical  semiconductor.  It 
is  significant  that  the  temperature  curve  of  conductivity  at  ^A6°C 
changes  direction  which  is  connected  with  the  disturbance  at  350-360°C 
of  one  type  of  the  stable  configurations  (probably,  s  ),  and  at 
4^6° C  -  of  another  (probably,  s  p  ).  Unfortunately,  the  electro¬ 
physical  properties  of  the  nitrides  of  other  alkali  metals  are 
unknown,  but  it  is  possible  to  make  the  assumption  that  the  metallicity 
of  nitrides  should  increase  with  the  increase  of  the  principle  quantum 
number  of  the  s^-valence  electrons  both  in  connection  with  the 

p 

decrease  in  the  probability  of  the  formation  of  stable  s  -configurations 

from  s1-electrons,  and  also  due  to  the  transition  of  part  of  the 

s-eleotrons  to  the  d-states.  This  in  particular,  is  observed  for. 

nitrides  of  the  alkaline  earth  metals,  for  which  beginning  from 

strontium  subnitrides  appear  with  a  metallic  type  of  bond.  Whereas 

the  nitrides  of  beryllium  and  ma6nesium  are  typical  dielectrics  which 

is  connected  with  the  formation  the  riost  energetically  stable 
2  p  6 

s  -  and  sp  -configurations,  on  which  a  considerable  fraction  of 
the  valence  electrons  is  localized  and  for  the  disturbance  of  which 
high  thermal  or  other  excitations  are  required. 

Metals  of  the  copper  and  zinc  subgroup  form  two  types  of  stable 

configurations  in  nitrides:  d10  and  s^p^.  This  causes,  as  also 

for  the  nitrides  of  the  alkali  and  alkaline  earth  metals  energetic 

insulation  of  the  atoms  in  the  lattice,  but  less  than  for  the  latter 

ones,  since  the  energetic  stability  of  tne  d  "^-configurations  is 

2  6 

considerably  less  than  the  sp  -configurations.  Such  substances  are 
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semiconductors,  but  with  less  specific  electric  resistance,  with 
smaller  width  of  the  forbidden  zone.  They  are  not  like  lithium 
nitride  insulators  at  normal  temperatures.  Thus,  the  specific 
,  electric  resistance  of  copper  nitride  at  normal  temperatures  is 
a  total  of  6-10  Q*cm. 

%  The  energetic  insulation  of  atoms  with  stable  configurations 

causes  the  low  thermal  stability  of  nitrides  of  s-metals:  they 
decompose  upon  heating  with  the  liberation  of  nitrogen.  Those 
nitrides  decompose  more  readily,  in  which  the  greatest  number  of 
valence  electrons  is  localized  in  the  most  energetically  resistant 
stable  configurations.  The  same  energetic  insulation  causes  the 
relatively  low  chemical  stability  of  nitrides  of  s-metals,  which 
usually  increases  with  an  increase  in  the  ,,metallicity',  of  the 
nitride  phases'. 

Mainly  the  ionic  nature  of  the  bonding  between  metal  and 
nonmetal  atoms,  and  also  the  presence  of  a  covalent  bond  between 
metal  atoms  or  nitrogen  atoms  (in  azides)  makes  it  possible  to 
consider  these  comoounds  structured  according  to  the  ionic-covalent 
type  with  a  very  small  fraction  of  metallic  bonding  in  certain  of 
them. 

Nitrides  of  transition  metals.  The  physical  properties  of  the 
transition-metal  nitrides  have  been  studied  the  most.  The  correlation 
of  the  values  of  these  properties  with  number  1/Nn  has  been  basically 
established  which  was  noted  above.  Obviously,  the  f”ue  physical  sense 
of  this  number  consists  not  in  the  evaluation  of  the  "accentor 
ability,"  but  in  the  index  of  the  total  statistical  weight  of  the 
*  stable  configurations  of  the  atoms.  Thus,  the  high  value  of  1/Nn  for 
titanium  signifies  the  low  localization  of  the  valence  electrons  in 
the  stable  configurations,  and  the  low  values  of  the  number  for 
metals  of  the  triad  of  iron  and  platinoids  -  the  high  degree  of 
localization  of  the  valence  electrons  in  stable  states  of  any  types, 
i.e.,  the  low  statistical  weight  of  rionlocalized  electrons. 
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In  examining  from  this  point  of  view  the  electrophysical  properties 
of  the  nitrides  of  the  transition  metals  of  groups  IV-VI  of  the 
periodic  system  (Table  3,  Fig.  1)  it  is  clear  that  the  specific 
electric  resistance  regularly  increases  with  the'  increase  of  the 
statistical  weight  of  the  stable  configurations  which  is  caused  by 
the  decrease  in  the  concentration  of  the  current  carriers  and  the 
difficulty  of  excitation  of  the  conductivity  of  electrons,  entering 
into  the  composition  of  the  increasingly  energetic  stable  configura¬ 
tions.  For  the  same  causes  the  coefficient  of  thermo-emf  decreases 
in  the  indicated  direction.  In  work  [8l6]  an  analysis  of  the  values 
of  certain  electrophysical  properties  of  nitrides  was  carried  out 
on  the  basis  of  a  consideration  of  the  value  6  =  n  u  —  n.u.  ,  where 

—  —  T  T 

n_,  u_  and  n+,  u+  are  respectively,  the  concentration  and  the 

mobility  of  the  electrons  and  the  vacancies.  For  metals  of  group  IV 

the  value  of  magnitude  6  is  very  small  which  indicates  an  approximately 

equal  contribution  of  electrons  and  vacancies  in  conductivity  (let 

us  note  that  for  these  metals  there  are  approximately  identical 

fractions  of  localized  and  nonlocalized  electrons).  For  titanium  the 

statistical  weight  of  the  d -^-configuration  is  equal  to  and 

6  *  +0.05  which  testifies  to  a  certain  prevalent  of  electron  (n-type) 

conductivity,  and  for  zirconium  -  5?.%  and  6  =  -0.09  which  testifies 

to  a  certain  prevalent  vacancy  or  hole  (p-tyne)  conductivity.  With 

the  transition  to  the  nitrides  of  the  metals  of  group  IV  (Ti,  Zr, 

Hf)  value  6  increases  and  has  a  positive  sign,  i.e.,  the  n-type 

conductivity  is  increased  which  is  connected  not  only  with  the 

transfer  of  a  part  of  the  nonlocalized  electrons  of  the  metal  to  the 

nitrogen  atom  with  the  formation  by  the  latter  of  a  high  statistical 
2  6 

weight  of  s  p  -configurations,  but  also,  probably,  with  a  certain 
delocalization  of  electrons  previously  (in  a  metal  crystal)  localized 
in  stable  configurations.  With  the  transition  to  metals  of  grouns 
V-VI  the  difference  6  sharply  increases  and  has  a  negative  sign,  i.e., 
the  hole  contribution  to  conductivity  is  increased.  It  is  necessary 
to  compare  this  with  the  increase  of  the  statistical  weight  of  the 
stable  a  -states.  The  nitrides  of  these  metals  have  mainly  n-type 
conduct i vity*  (judging  from  the  sign  of  the  Hall  coefficient  and  the 
difference  6)  which  indicates  the  small  participation  in  current 
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Table  2.  Physical  properties  of  transition-metal 
nitrides . 


Nitride 

Nitre gen 
content 

Coefficient 

of 

Specific 

electric 

resis.- 

tanceo. 

pR'om 

Hali 

coefficient 

8-lb*.cmV- 

Thermal 
conductivity 
x.cal/cni*  s»deg 

Microhard 
ness  HKe, 

kg/mrr,^ 

at  % 

tin0i9# 

22,4 

49,8 

-7.78±1,1 

26±2- 

— 0,67±0 

1994±137 

ZrN0>#l 

13,2 

49,8 

-4,78±0,5 

28±3 

-1.3  ±0,2 

1520±85 

HfN0M 

6,4 

46,5 

~2,96±0,6 

33±5 

-4.2  ±0,5 

1640±161 

VN0J3, 

8,5 

25,3 

-5.3  ±1,2 

123±10 

— 

VK0.m 

16,8 

42,4 

■  - 

— 

- 

— 

1520±  15 

vn0;„ 

20,5 

48,3 

- — 4,6  £0,8 

85±4 

0,0270±0,07 

— 

NbN0i46 

6,6 

31,7 

— 

— 

— 

— 

1720±100 

NbN0>s 

7.1 

36.5 

— 4,57±0,7 

142±6 

+1,9±0,4 

0,0200±0,03 

NbN0>## 

12,7 

49,1 

—1 ,65±0,1 

85±2 

-0,47±0.2 

— 

1396±26 

NbNj  jo 

13,1 

E30 

-2,24 

78±4 

+0,52±0,19 

0,009  ±0,002 

— 

TaN0>« 

3.4 

31.2 

— 2,17±0,4 

263 ±22 

— 0,46±0,1 

0,0240±0,0G5 

— 

TaNjjj 

4.3 

— 

— 

— 

— 

1220±120 

TaN1>0, 

7.3 

50.3 

-1.6  ±0.3 

128±15 

-3.6;  ±0.9 

1060±72 

CrN0>4? 

11,2 

— 

— 

— 

'  - 

1571  ±49 

CrNo.4W 

11.8 

33.2 

-2.3  ±0.2 

79±5 

— 

^^0.926 

Eaj 

48.1 

— 92±4 

640±40 

—265  ±25 

— > 

^r^0.99 

21,0 

49.8 

— 

— 

— 

1093±93 

*°N0.S 

** 

33,5 

+2,18±0.5 

• 

oo 

w 

*4 

+2.83±1.2 

0,0427±0,007 

G30±86 

■CtyV/deg 


Fit'.  1.  The  dependence  of  snecific  electric 
resistance  and  the  coefficient  of  thermo-emf 
of  transition-metal  nitrides  on  the  number 


b'->  r 

transmission  of  the  stable  configurations  of  metals  and  the  severe 
delocalization  of  the  valence  electrons  of  nitrogen  with  their 
transition  to  a  weakly  bound  state  and  the  simultaneous  formation  of 
sp  -configurations  by  the  nitrogen  atoms.  Thus,  a  high  statistical 

5  -5 

weight  of  stable  d  -  and  sp  -configurations  will  be  formed.  However 
a  high  statistical  weight  of  the  nonlocalized  electrons  will  be 
simultaneously  which  causes  high  fractions  of  the  electronic,  part 
of  resistance  and  thermal  conductivity  (Table  4,  Pig.  ?.) ,  with  the 
exception  of  the  nitrides  of  tantalum  and  chromium,  which  possess 
high  fractions  of  lattice  thermal  conductivity  [470].  This  agrees 
well  with  the  semiconductor  nature  of  the  nitride  CrN.  It  is  possible 
to  compare  the  decrease  in  hardness  of  nitrides  with  the  transition 
from  group  IV  to  metals  of  groups  V  and  VI  of  the  periodic  system 
wit n  the  anti'oonding  role  of  weakly  bound  nitrogen  electrons  [147]. 


Table  4.  Calculated  and  measured 
electronic  thermal  conductivity 
of  nitrides  (cal/cm* s «dep) . 
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Fig.  2.  The  dependence'  of  thermal 
conductivity  and  the  Hall  coefficient 
of  transition-metal  nitrides  on  the 
number  £ . 
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All  nitrides  of  transition  metals  have  broad  regions  of  homo¬ 
geneity.  The  width  of  the  regions  of  homogeneity  narrows  from  the 
nitrides  of  metals  of  group  IV  to  nitrides  of  metals  of  groups  V, 

VI,  VII,  and  VIII  which  corresponds  to  the  decrease  in  the  statistical 
weight  of  the  nonlocalized  electrons  of  atoms  of  the  transition 
metals  and  to  the  increase  in  the  statistical  weight  of  the  stable 
configurations.  A  reduction  in  the  regions  of  homogeneity  is 
noticeable  with  the  transition  from  metal  nitrides  with  a  l|0-60# 
statistical  weight  of  stable  configurations  to  the  large  statistical 
weights:  especially  narrow  are  the  regions  of  homogeneity  for  the 
nitrides  of  metals  of  group  VIII,  where  as  was  mentioned  above 

C  ](] 

the  metals  the  greatest  total  weight  of  d‘-  and  d  -configurations 
and  the  small  weight  of  nonlocalized  electrons  is  characteristic 
for  the  metals  (Table  5,  Fig.  3). 


Table  5-  Regions  of  homogeneity  of 
certain  nitride  phases  of  transition 


metals . 


Region  of  nomogeneixy 

Region  of  homogeneity 

Nitride 

at.  % 

wt.  % 

Nitride 

at. 

% 

wt.  % 

TUN 

Very  narrow 

T».N 

28,5- 

-3i 

3.0  -  3.4 

TIN 

37,5-50 

14,9  -22,6 

TaN 

44,6-47,3 

5,8  -  6.5 

ZrN 

46-50 

11.5  -13,3 

Cr»N 

32  - 

-33,3 

11,3  -11,8 

vfiN 

25-33 

8,4  -11,9 

Mo,N 

32  - 

-33 

6,4  -  6.7 

41-50 

16,0  -21,6 

Mn,N 

18  - 

-20 

5,8  —  6,1 

NW4 

^Nq.75 

28,5-  33,5 
42,9-44,0 

5,7  -7,1 
10,2  -10,6 

MnJ4 

Mn,N, 

28,3-34,7 

38,2-41,0 

9,14-11,9 
13,1  -15,1 

NbN0i9# 

46,8—49,5 

11,55-12,85 

RejN 

30  - 

-33,3 

10-11,2 

NbN 

60,0-50,6 

13,1  —13,3 

CoJ4 

26  - 

-26,7 

7,7  -8 
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Fig.  3.  The  regions  of  homogeneity 
of  transition-metal  nitrides. 
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A  decrease  in  the  width  of  the  regions  of  homogeneity  was  also 
noticeable  with  a  relative  reduction  in  the  nitrogen  content  in 
nitride  phases  of  one  and  the  same  metal  which  can  be  explained  by 
the  more  severe  localization  of  valence  electrons  on  the  Me-Me 
bond . 

The  physical  properties  of  the  nitride  phases  within  the  limits 
the  regions  of  homogeneity  vary  rather  substantially,  in  particular 
(Table  6)  the  specific  electric  resistance,  the  Flail  coefficient, 
the  thermo-emf  [145,  202,  8l8],  and  the  microhardness  varv  [145, 

147].  As  is  evident  from  Pig.  4,  the  concentration  dependence  of 
microhardness  of  titanium  nitride  in  the  region  of  homogeneity  has 
a  linear  character  and  is  analogous  to  the  dependence  of  the  micro¬ 
hardness  of  the  carbides  TiC  [819],  ZrC,  [820,  821],  TagC  and  TaC 
[148]  on  the  carbon  content  in  the  regions  of  homogeneity.  However 

for  the  indicated  carbides  extrapolation  of  the  line  of  microhardness 
for  a  carbon  content,  equal  to  zero,  gives  roughly  the  values  of 
the  microhardness  of  the  corresponding  metals,  whereas  this  is  not 
observed  for  titanium  nitride.  Consequently,  in  crystal  lattices 
of  nitrides  (in  contrast  to  carbides)  the  character  of  the  electronic 
structure,  the  chemical  binding,  the  distribution  of  electronic 
density  differs  substantially  from  those  in  metals,  apparently  as 
a  result  of  the  appearance  of  a  certain  fraction  of  ionic  binding, 
increasing  in  proportion  the  reduction  of  nitrogen  content  within 
the  limits  of  the  regions  of  homogeneity.  The  latter  is  connected 
with  the  force  of  I!e-He  bonds,  the  localization  on  them  of  a  considerable 
part  of  the  valence  electrons,  the  decrease  in  the  overlapping  of 
the  bands  of  valence  electrons  of  the  metal  and  the  nitrogen  and  by 
corresponding  appearance  of  energy  gaps.  The  variation  in  the 
electric  resistance  of  titanium  and  zirconium  nitrides  in  the  regions 
of  homogeneity  (Pig.  5)  also  differs  from  the  course  of  resistance 
of  corresponding  carbides,  being  nonlinear.  The  appearance  of  an 
energy  gap  in  the  lattice  of  titanium  nitride  with  incomplete  nitrogen 
content,  assumed  in  [822,  823],  is  confirmed  by  the  variation  in 
electric  resistance  at  high  temperatures  (Pig.  6)  [145].  Titanium 
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nitride  with  a  nitrogen  content,  close  to  stoichiometric,  reveals 
a  linear  increase  in  electric  resistance  with  temperature  with  a 
decrease  in  nitrogen  content  of  up  to  48.4  at.  %\  maximum  of  resistance 
appears  at  1800°C.  With  a  further  reduction  in  nitrogen  content 
the  resistance  increases  with  the  simultaneous  displacement  of  the 
maximum  into  the  region  of  lower  temperatures.  The  width  .of  the 
energy  gap  with  a  decrease  in  nitrogen  content  is  increased.  For 
titar. ium  and  zirconium  nitrides  with  the  decrease  of  nitrogen  content 
in  them  within  the  limits  of  the  regions  of  homogeneity  an  increase 
occurs  in  the  width  of  the  forbidden  zone  (see  Table  6)  [832]. 


Table  6.  The  composition 
and  electrical  properties 
of  titanium  and  zirconium 
nitrides  in  the  region  of 
their  homogeneity. 


Fig.  4.  The  concentration  dependence 
of  microhardness  in  a  region  of  homo¬ 
geneity  Ti-N. 


Pig.  5*  The  variation  in  the  electric 
resistance  of  titanium  and  zirconium 
nitrides  in  regions  of  homogeneity: 

1  -  Zr-N;  2  -  Ti-N.  ' 


Pig.  6.  The  concentration-temper¬ 
ature  dependence  of  the  electrical 
resistance  of  titanium  nitride  in 
the  region  of  homogeneity:  1  — 
36.6;  2  -  38.6;  3  -  41.0;  4  -  43-4; 
5  -  48.4;  6  -  49.8  at.  %  of  N. 


The  width  of  the  forbidden  zone  of  titanium  and  zirconium 
nitrides  varies  linearly  with  an  .increase  in  the  |nitrogenj content 
(Fig.  7.).  A  certain  deviation  from  linearity  for  the  nitrogen 
content  below  40£  is  explained  by  the  slight  contamination  by  oxygen, 
the  atoms  ox'  which  can  occupy  free  sites  in  the  lattice  of  the 
unsaturated  nitride.  This  assumption  is  confirmed  by  the  presence 
of  the  impurity  nature  of  the  electroconductivity  for  ZrN  with  34 
at.  %  of  N,  whereas  with  other  nitrogen  contents  this  is  not  observed. 
It  is  necessary  to  note  that  the  value  of  the  forbidden  zone  and 
the  rate  of  its  variation  for  zirconium  nitride  is  greater  tnan  for 
nitride  of  titanium  which  is  connected  with  the  great  weight  of  the 
d  -configijrations  for  zirconium  and  the  greater  localization  of 
electron3-?,on  the  Zr-Zr  bonds  than  on  the  Ti-^i  bonds. 

i 
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Pip;.  7.  The  concentrational  depen¬ 
dence  of  the  variation  of  the  width 
of  the  forbidden  zone  in  the  region 
of  homogeneity:  1  —  Ti-N;  2  —  Zr-N. 


In  Pig.  8  the  variation  in  the  Hall  coefficient  and  thermo-emf 
of  titanium  and  zirconium  nitrides  in  the  region  of  homogeneity 
is  shown. 


Fig.  8.  Variation  of  the  Hall  coefficient 

(a)  and  the  coefficient  of  thermo-emf; 

(b)  of  titanium  and  zirconium  nitrides  in 
the  region  of  homogeneity:  1  -  Ti-N; 

2  -  Zr-N. 


Whereas  the  majority  of  transition-metal  nitrides  with  a 
saturated  nitrogen  content  possesses  metallic  properties,  in  chromium 
nitride  Crii  semiconductor  properties  are  clearly  expressed  [3?6-3?8], 
Nevertheless  this  nitride  at  'low  temperatures  also  has  metallic 
(Pig.  9j  section  ab),  with  an  increase  in  temperature  -  impurity 
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(section  be)  and  subsequently  -  intrinsic  conductivity  (section  cd), 
characteristic  for  semiconductors.  Probably,  at  increased  tempera¬ 
tures  the  excitation  of  nitrogen  states  occurs  and  the  transfer  of 
one  electron  of  a  nitrogen  atom  to  a  chromium  atom  with  the  formation 

c  o  "3 

by  chromium  of  stable  d-Js“-configurations ,  and  by  nitrogen  of  sp  - 

configurations  with  a  corresponding  energy  gap  between  them.  At 

the  same  time  nitride  Cr2N  is  not  a  semiconductor,  anparently,  in 

connection  with  the  fact  that  chromium  atoms  form  a  great  statistical 

weight  of  dx0s2-configurations ,  and  the  nitrogen  electron  liberated 

accomplished  metallurgical  conductivity. 


Pig.  9.  The  temperature  idependence 
of  the  electric  conductivity  of  CrN. 


With  the  replacement  in  titanium  nitride  of  a  part  of  the 
nitrogen  atoms  by  oxygen  atoms  (with  v25-25  mole  %  of  TiO)  a  minimum 
magnitude  of  resistance,  Hall  coefficient  (Table  7)  and  thermo-emf 
is  attained  [174]  with  the  preservation  of  the  metallic  nature  of 
the  conductivity.  Upon  heating  a  transition  from  metallic  conductivity 
to  semiconductor  conductivity  occurs;  the  temperature  of  such 
transition  for  all  TiO  contents  is  approximately  identical  and  is 
about  1200°C  [8l8],  The  width  of  the  forbidden  zone  for  them  is 
also  identical  and  is  4.8-5  eV  which  is  characteristic  for  ionic 
compounds,  for"  which  &E  %  5  eV.  It  is  assumed  that  in  the  presence 
of  oxygen  the  atoms  »of  nitrogen  and  oxygen  will  mainly  form  s  p  - 
configurations,  diverting  to  them  the  nonlocalized  electrons  of 
the  titanium  atoms,  which  in  this  case  acquire  a  d  -configuration, 
i.e.,  typically  ionic  compounds  will  be  formed. 
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Table  7.  Electrical 


properties  of  alloys 


of.  TIN*'1) 

?i0. 

Composition, 
mol.  <f» 

Specific 

electric. 

resistance 

1 

0) 

gft  * 
SSS" 

84 

oE  18* 

ot,  tea 

wog1 

TiN 

TIP 

100 

o 

26 

-0,67 

-9,» 

90 

10 

17,9 

-0.4 

-7.1 

*-•79.6 

20,4 

13,1 

-0,17 

—6,4  . 

96r9. 

^  11,3 

—0,48 

r-0,75 

65 

35 

17, t- 

—0,82 

— * 

62,7 

37,3 

12,7 

-1,36 

—8,6 

47,6 

52,4 

14.2 

-1,64 

— 

•46,7 

53,3 

-1,70 

-13,4' 

46 

£4 

14,3 

-2,02 

41.8 

58,2 
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—2,6' 

In  work  [825]  the  temperature  dependence  of  electroohysical 
properties  of  titanium  and  vanadium  nitrides  of  saturated  composition 
was  investigated.  The  electric  resistance  and  the  thermo-emf  vary 
linearly  with  temperature  which  testifies  to  metallic  conductivity, 
although  of  a  mixed  type. 

The  great  magnitudes  of  the  coefficients  of  thermo-emf  in  the 
whole  temperature  interval  of  the  measurements  also  confirm  the 

i 

metallic  nature  of  their  electric  conductivity.  Like  metals,  the 
dependence;  of  the  specific  electric  resistance  of  these  compounds 
on  temperature  can  be  described  by  a  .common  expression  of  the  type 
p  *  Pq  x  (1  +  at),  where  a  is  the  temperature  coefficient  of  electric 
resistance,  pQ  is  the  magnitude  of  electric  resistance  at  0°C.  An 
analogous  expression  can  be  used  to  describe  the  temperature  dependenc 
of  thermo-emf  e  «  eQ  x  (1  +  6t).  Corresponding  data  are  given  in 
Table  8. 

Table  8.  The  temperature  depen¬ 
dence  of  certain  electrophysical 
properties  of  titanium  and  vana¬ 
dium  nitrides  of  saturated  compo¬ 
sition. 


■§! 

‘1 

s 

£ 

o 

®  a 

*  *  f-4  , 

—  © 
9  *0 

i  ite 1  cj1 

&p>x  2*’ 

iSsasi 

_.b0 

©*? 

TJ 

> 

H 

m.V 

Cm  | 

1  1  °6 
&  C.O  gfc 

Igtls-li* 

TiN 

24 

4,4 

0—1200 

r— 3,7 

2,06 

280-1200 

VN 

88 

0.7 

0-1200 

-6.2 

1.16 

2*0-1200 

- - 

.... 

1  “ 

—  - 

A  comparison  of  the  Mott  [826]  values  o/M©^,  (M  is  the  molecular 
weight,  ©  Is  characteristic  temperature),  carried  out  for  metallic 
titanium  and  different  titanium  and  vanadium  compounds,  shows  that 

p 

for  titanium  and  its  diboride  TiB2  the  temperature  dependence  o/M© 
is  analogous,  and  for  TiC  and  TIN  it  rather  greatly  differs  from 
them  (Pig.  10).  This  indicated  deviation  in  the  character  of  the 
bonding  in  TiC  and  TIN  as  compared  to  metallic  titanium.  The  small 
value  of  the  temperature  coefficient  of  electric  resistance  for 
vanadium  nitride  (0.7  deg“^)  is  explained  by  the  possibility  of  the 
formation  by  the  vanadium  atoms  of  a  high  statistical  weight  of 

5 

d  -configurations  due  to  the  attraction  of  the  electrons  of  the 
nitrogen  atoms,  and  by  the  nitrogen  atoms  -  of  the  correspondingly 
high  statistical  weight  of  sp^-configurations,  which  are  difficult 
to  excite  with  an  increase  in  temperature.  The  low  value  of  the 
temperature  coefficient  of  the  electric  resistance  of  vanadium 
nitride  is  connected  with  the  high  transition  point  to  superconduc¬ 
tivity  (7.50°K),  which  is  also  caused  by  the  "inertness"  of  the 
walls  of  the  energetic  "channels",  formed  by  atoms  with  a  high 
statistical  weight  of  stable  configurations. 


Pig.  10.  The  temperature  dependence 
of  the  indicated  electrical  conduc¬ 
tivity  of  titanium  and  its  compounds 
with  nitrogen,  boron  and  carbon. 


2 

The  values  of  the  thermoelectric  quality  factors  7,  -  a  /pX 
(a  is  thermo-emf,  p  is  specific  electric  resistance,  X  is  thermal 
conductivity)  of  transition-metal  carbides  in  comparison  with  the 
nitrides  are  given  in  Table  9.  For  the  majority  of  nitrides  the 
quality  factor  is  small  (10  to  10  deg  )  which  agrees  with  the 
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metallic  character  of  their  electrical  conductivity.  A  higher  Z 

value  is  observed  only  for  CrN  which  is  caused  by  its  semiconductor 

nature.  Prom  Pig.  11  [827]  it  is  clear  that  with  the  increase  of 

number  5  **  1/Nn  or  with  the  decrease  in  the  statistical  weight  of 
(5 

the  d  -configurations  of  the  atoms  of  a  transition  metal  the  thermo¬ 
electric  quality  noticeably  increases  which  is  caused  by  the  increase 
in  the  electronic  contribution  to  thermal  conductivity  (and  by  the 
decrease  in  the  lattice  contribution,  caused  by  the  electrons, 
localized  in  the  stable  configurations).  It  is  interesting  that 
for  a  scandium-metal  nitride,  for  which  the  formation  of  a  high 
statistical  weight  of  d°-states  and  a  small  statistical  weight  of 

g 

d  -states  and  strong  delocalization  of  the  valence  electrons  are 
characteristic  —  the  quality  factor  approaches  that  for  semiconductor 
chromium  nitride.  Obviously,  this  is  due  to  different  causes  and 
in  general  characterized  scandium  nitride  as  a  typical  semimetal. 


Table  9.  Coefficients 
of  the  thermoelectric 
quality  of  refractory 
carbides  and  nitrides. 


Com-  ■ 
pound 

Z, 

Compound. 

i.  deg-1 

TiC 

2,1-  10~*. 

WC 

0,910 ”* 

ZrC 

1,1.  ur* 

V/JC 

3,0- tor* 

HfC 

1,0.10“* 

&N0.„ 

0,8.10- * 

VGo,«* 

0,9.  lcr* 

TiNV.M 

1.2-lor* 

NbCo.M 

2,1-1  or* 

ZrNo.M 

4.0- 10T* 

TaC‘ 

'5,0.10-* 

HfNo.88 

1,2.10"* 

CrA 

2,2.  ur* 

VNo.m 

a.Mo-* 

CrA 

3,1-10-* 

NbNijo 

3,l-10"r 

Cr»A 

3,0.  ur7 

T*Ni,oi 

2,3- 10~7 

Mo f. 

7,6.10"* 

CrNo.M 

rrrio-* 

Fig.  11.  The  dependence  of  the  quality 
factors  of  transition-metal  on  the 
number  1/Nn:  a. are  MeC  carbides;  0  are 
MeN  nitrides;  A  is  W^C;  k  is  MOgC;  v  is 

Cr^C^;  *  is  Cr^Cp. 
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Thermionic  emission  properties.  The  work  function  in  the  case 
of  thermionic  emission  is  determined  by  the  relationship  of  the 
statistical  weights  and  the  energetic  characteristics  of  localized 
and  nonloc?  i a** a  parts  of  valence  electrons,  being  increased  with 
an  increase  in  tne  weight  and  energetic  stability  of  stable  configura^ 
tions  of  electrons  localized  near  atoms  [8*15].  The  work  function  of 
transition-metal  nitrides  xTable  10)  increases  from  titanium  nitride 
to  tantalum  and  niobium  nitrides  (Fig.  12)  [170,  252,  8116-849]. 


Table  10.  Thermionic  emission  of  nitrides. 


Work 

Richard- 

Nitride 

func¬ 
tion 
<K  eV 

son’s 

constant  A, 
a/cm2  °K2 

Notes 

Liter¬ 

ature 

Tin 

2.92 

120.'; 

[170] 

3.75 

Effective  work  function  at 
2000°K,  measured  in  powder 

[846] 

ZrN 

2.92 

120.4 

[170] 

3.90 

Effective  work  function  at 
1900° K,  measured  in  powder 

[846] 

VK 

3.56, 

— 

Effective  work  function  at 
1600°K 

[252] 

MbN 

3.92 

- 

The  same  at  1950°K 

[846]' 

TaN 

4.00 

- 

The  same  at  l600°K 

[252] 

ThN 

3.1 

- 

Photoemission 

[848] 

UN 

' 

The  temperature  dependence 
of  effective  work  function 
is  given  by  the  expression 

«Pr=3.1+2.1Xl(r4r 

[849] 

Fig.  12.  The  dependence  of  the  work 
function  in  the  case  of  thermoionic 
emission  of  transition-metal  nitrides 
at  a  temperature  of  1700°C  on  the 
number  1/Nn. 
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A  comparison  of  the  values  of  the  work  function  of  nitrides 
and  carbides  shows  that  in  the  latter  case  they  are  smaller  which 
is  explained  by  the  formation  in  nitrides  along  with  sp^-configurations 
of  nitrogen  atoms  (with  the  corresponding  liberation  of  an  electron 
and  its  transfer  to  an  aggregate),  also  of  s*p  -configurations ,  the 
formation  of  which  is  connected  with  the  considerable  localization 
of  the  valence  electrons  of  both  the  transition  metals,  and  also  of 
nitrogen.  Transition-metal  nitrides  have  as  yet  net  found  practical 
'opllcation  in  cathode  electronics,  since  their  thermoelectric 
properties  are  not  very  high  and,  furthermore,  they  dissociate  in 
a  vacuum  upon  heating. 

Superconductivity .  It  has  been  established  now  that  the  greater 
part  of  transition-metal  nitrides  is  superconductors  [275>  30H, 

1001,  1013].  The  corresponding  data  on  the  superconductivity  of 
nitrides  are  presented  in  Table  11. 


Table  11.  Supercon¬ 
ductivity  of  nitrides. 


Nitride 

1  Nit  iv 
jide 

ScN 

<1.40 

TaN 

<1,20 

YN 

TIN 

<1,40 

4,85 

1  t4n 

CrN 

<1.20 
<1 ,28‘ 

•  ZrN 

8,90-10,7 

MoN 

12,0 

HfN 

6.2C 

Mo,N 

5,0 

VN 

8,20 

W,N 

<1,28 

•  NbN 
’  Nb|N 

15,60 

<1.20 

ar 

<1.20 

<1,20 

It  is  noted  that  T.  in  general  increase  with  the  increase  in 

kk 

the  weight  of  stable  d  -conf igurations  of  the  atoms  of  corresponding 
transition  metals  (for  mononitrides),  with  the  exception  of  tantalum, 
chromium  and  tungsten  nitrides.  With  a  decrease  in  the  relative 
!»'  cogen  content  in  the  nitride  phase  T^  drop.  If  it  is  considered 
that  the  conditions  of  superconductivity,  on  the  one  hand,  is  the 
formation  by  atoms  of  "energetic  channels",  the  stability  of  the 
"walls"  of  which  is  ensured  by  the  strong  localization  of  electrons 
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in  stable  configurations,  which  possess  a  reduced  capacity  for 
diffusion  of  conduction  electrons,  and  on  the  other  hand,,  the 
formation  by  conduction  electrons  of  Cooper  pairs,  also  possessing 
a  reduced  capacity  for  diffusion,  then  the  increase  of  ^  with  the 
increase  of  the  weight  of  stable  configurations  in  a  metal  is  well 
explained.  In  the  same  way  the  high  of  nitrides  as  compared 
to  carbides,  borides  and  other  similar  compounds  are  explained  in 
general  [275].  Actually,  in  the  case  of  the  formation  of  nitrides 
of  metals  of  grouD  IV  there  is  a  high  number  of  nonlocalized  electrons, 
which  are  partially  localized  on  the  sp  -configurations  of  nitrogen 

c 

and  the  d  -configurations  of  the  metal.  With  the  transition  to 
metals  of  groups  V  and  VI  the  localization  of  the  valence  electrons 
near  atoms  of  metals  is  higher  which  causes  the  formation  of  a  high 

c  -3 

statistical  weight  of  d  -configurations  of  the  metal  and  sp 
configurations-  of  nitrogen.  With  this  the  high  stability  of  the 
"walls"  is  ensured  of  the  energy  gap  [876]  with  a  moderate  concen¬ 
tration  of  carriers.  In  case  of  tantalum,  chromium  and  tungsten 
such  "walls"  will  also  be  formed,  but  with  the  simultaneous  formation 
of  a  reduced  number  of  current  carriers  which  leads  to  the  reduction 
of  Tk.  Therefore  of  great  interest  is  the  high  of  solid  solutions 
of  NbN-NbC,  for  which  with  the  composition  (NbC)Q  2g-(NbN)Q  the 
point  of  transition  is  17.9°K  [828],  Also  the  high  statistical 
weight  of  d  -configurations  of  niobium  atoms,  the  sp  -configurations 
of  carbons  and  nitrogen  atoms  along  with  the  optimum  concentration 
of  current  carriers  is  ensured.  According  to  the  theory  of  Bardeen, 
Cooper  and  Schrieffer*,  the  temperature  of  transition  to  superconductivity 
is  determined  by  the  expression 

kT% v.  lt14(«Mfecsp(-  i/tf(0)V), 

where  k  is  the  Boltzmann  constant;  (Au)<p  is  the  average  energy  of 
phonons,  scattering  electrons  near  the  Fermi  surface  (proportional 
to  the  Debye  temperature);  N(0)  is  the  normal  density  of  the  electronic 
energy  state  near  the  Fermi  surface;  V  is  the  constant  of  electron- 
phonon  interaction.  It  Is  possible  to  affirm  that  transition  temper¬ 
ature  to  the  superconducting  state  is  mainly  determined  by  the  factor 


N(0)*V  or,  considering  the  approximate  constancy  of  V,  by  the  density 
of  the  states.  In  work  [828]  correspondence  was  actually  shown  between 
and  the  density  of  the  states  for  a  number  of  nitrides,  and  also 
for  solid  solutions  of  NbC-NbN  (Fig.  13).  The  best  results  were 
obtained  by  the  correlation  with  the  theoretical  density  curves 

of  the  states,  obtained  by  Biltz,  and  also  by  Ern  and  Soitendik 
[Translator’s  Note-:  This  name  spelled  two  different  ways  in  foreign 

document  (typographical  error)  See  Fig.  13].  The  authors  assumed  that 
the  main  role  in  the  formation  of  the  properties  of  substances  belongs 
to  the  highly  localized  compounds  between  the  metal  and  nonrnetal 
atoms,  i.e.,  covalent  bonds. 


4fZal  Tvr//>Val.  el eo. /atom 

V\ 


\  TIC 

\v 


'V«T.  rnt  Hits  OM i&a  HSHSM’S  c.*v 
.  i  u-.bo»L.9f  near  Jl  ‘4 


MqA  -t  ■  -/  0 

irC  NbC  mtt  . 


I v/  i  T"T  .  ’ 

2rC{4.5)  Wi)  "MW  M6W4  "  d -elec Ale  atom . 

Fig.  13.  Variation  in  the  critical 
transition  tempsrature  to  super¬ 
conductivity  Tk  in  the  series  ZrB- 

NbC-NbN-CrN:  1  —  analytic  curves 
of  the  variation  in  the  density  of 
states;  2  -  according  to  Biltz; 

3  -  according  to  Ern  and  Svitenlik; 
A  -  according  to  Costa  and  Conte;  5 
5  —  according  to  Popper,  6  -  accor- 
ing  to  Dempsey. 
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With  the  variation  in  nitrogen  content  in  the  region  of  homo¬ 
geneity  Tk  varies,  and  for  zirconium  nitride  —  monotonlcally  (Fig. 

I1*)  [275,  3  069],  and  for  niobium  nitride  the  maximum  Tk  corresponds 
to  the  nonstoichiometric  composition  NbN  (Fig.  15).  The  decrease 
in  riV  with  a  reduction  in  the  nitrogen  content  in  the  region  of 
homogeneity  or  a  definite  part  of  it  agrees  with  the  decrease  in 
Tk  in  the  nitride  phases  with  the  reduction  in  them  of  the  nitrogen 
content  (for  example  MoN  and  Mo2N).  This  is  explained  by  the 
strengthening  of  the  Me-Me  bonds  and  by  localization  on  them  of  a 
very  large  part  of  the  valence  electrons  with  a  corresponding 
reduction  in  the  concentration  of  conduction  electrons  and  by  the 
appearance  of  energy  gaps.  In  particular,  chromium  nitride  is  a 
semiconductor.  The  energy  gaps  acquire  great  importance  in  tantalum 
and  tungsten  nitrides,  and  also  in  the  seminitrides  Mb^M  and  ^o^N. 

In  the  cas'e  of  the  variation  of  T^  in  the  region  of  homogeneity  of 
niobium  nitride  the  reduction  in  Tjc  starting  from  a  certain  nitrogen 
content  toward  stoichiometric  composition  (in  region  of  from  0.95 
to  1.00  niobium  in  NbN)  can  be  explained  by  the  appearance  with  these 
nitrogen  contents  of  strong  Me-Me  and  N-N  bonds  and  by  the  beginning 
of  the  formation  of  an  energy  gap. 
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Fig.  14.  The  variation  of  the 
transition  to  superconductivity 
in  the  region  of  homogeneity 
of  ZrN . 
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•l#c/atom 


Fig.  15.  Variation  of  the  transition 
point  to  superconductivity  in  the 
region  of  homogeneity  of  NbN. 


Atomic  ratio  N/NL 

The  authors  [1001]  investigated  the  concentration  dependence 
of  Tk  ' n  the  regions  of  homogeneity  of  titanium  TiNj  and  vanadium 
™l-x  nitrides  and  determined  the  value  of  for  yttrium  mononitride. 
Values  of  Tk  in  the  regions  of  homogeneity  of  titanium  and  vanadium 
nitrides,  as  also  for  zirconium  and  niobium  nitrides,  droo  with  a 
decrease  in  the  nitrogen  content. 

Magnetic  properties.  The  first  investigation  of  the  magnetic 
properties  of  the  nitrides  of  certain  transition  metals  was  conducted 
in  [o29].  It  showed  the  rather  weak  paramagnetism  of  titanium  and 
zirconium  nitrides  (*M  for  TiN  +  48 -JO"6,  for  ZrN  +  60-10"6).  It 
was  determined  that  chromium  nitride  is  a  ferromagnetic  material 
[331],  the  nitrides  Mn^N,  Mn^N^,  Fe^N  are  highly  paramagnetic  material 
with  effective  magnetic  moments  respectively  of  1.2;  3.94;  2.22 
Bohr  magnetons  [140],  the  uranium  nitrides  ar  very  weak  magnetic 
materials  with  a  magnetic  susceptibility  of:  UN  +  7.73;  U2N^  +  13.17 
u 50Q 3 .  In  a  number  of  lanthanide  mononitrides  the  magnetic  suscep¬ 
tibility  increases  [478]: 

LaN  CeN  PrN  NdN 
+60  +296  +4460  +5850 
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Upon  che  dissolution  titanium  carbide  in  titanium  nitride  the 
magnetic  susceptibility  of  the  alloy  sharply  decreases  [830],  as  is 
shown  in  Pig.  16. 


Pig.  16.  Magnetic  suscentibility 
of  T1.N-T1C  alloys. 


Thus,  at  the  present  time  no  considerable  experimental  material 

on  the  magnetic  properties  of  transition-metal  nitrides  has  not  been 

accumulated  and  no  interpretations  of  the  available  data  have  been 

proposed.  It  is  only  possible  to  note  that  the  paramagnetism  of 

the  lanthanide  nitrides  increases  with  an  increase  in  the  statistical 

weight  of  the  stable  f  -configurations  of  the  lanthanide  atoms. 

The  decrease  in  the  magnetic  susceptibility  of  titanium  nitride 

upon  the  dissolution  in  it  of  the  carbide  can  be  connected  with  the 

2  6 

reduction  in  the  statistical  weight  of  the  sp  -configurations  and 

•3 

the  increase  in  the  statistical  weight  of  the  sp  -configurations 
with  the  simultaneous  rather  high  delocalization  of  the  valence 
electrons  of  both  titanium  and  nitrogen. 

Certain  data  on  the  magnetic  properties  uranium  and  plutonium 
nitrides  at  low  temperatures  are  given  in  [831].. 

Thermal  properties.  It  was  shown  above  that  for  the  majority 
of  nitrides  the  prevalent  role  is  played  by  the  electronic  component 
of  thermal  conductivity,  with  the  exception  of  chromium,  tantalum 
ana  vanadium  nitrides,  for  which  due  to  the  considerable  localization 
of  valence  electrons  on  covalent  bonds  the  lattice  component  of 
thermal  conductivity  prevails. 


38 


The  thermal  expansion  of  transition-metal  nitrides  was  investi¬ 
gated  in  [781,  225]  (Table  12). 


Table  12.  Thermal  expansion 
of  transition-metal  nitrides. 


Nitride 

Temperature 
interval  ,*C 

Coefficient 
of  thermal 
expansion  - 

<M0*.  .deg-l 

Re 

sample , 

Litera¬ 

ture 

TiN 

20-270 

8.87±0,4 

17811 

TiN0)#l 

20-1100 

9.5 

11 

1225) 

ZrN 

20-270 

10,2±0.5 

J7813 

ZrNo.u 

20-1100 

7.24 

4.4 

12251 

HfNo.ss 

20-1.100 

6.9  • 

3.1 

|S25I 

VN 

17-190 

8, 35  ±0,74 

* — 

VNo.se 

20—1100 

8.1 

10 

(225j 

VNow 

.  20-1100 

9.2 

4.5 

[2251 

NbN 

20-270 

10,1  ±0.2 

— 

[7B11* 

NbNo.S 

20-1000 

3,2o 

9,2 

[225J 

NbNi.e 

20r-1000 

10,1 

3.7 

12251 

TsNo.es 

20-1000 

5.2 

5.4 

12251 

TaNi.oi 

20-790 

3,6 

7.8 

[2251 

CrNo.« 

20-1100 

9,41 

6.1 

[2251 

^r^0,92 

20-800 

2.3 

[225J 

850-1040 

7.5 

[22SJ 

MoN^j 

20-790 

4.5 

)»2.3 

[2251 

20-1100 

6.2 

[225J 

♦Contaminated  with  carbon. 


The  rather  high  values  of  the  coefficient  of  thermal  expansion 

of  nitrides  differ  little  from  the  values  the  coefficient  of  thermal 

expansion  of  the  corresponding  transition  metals  [781].  This 

indicates  that  the  bonding  forces  in  nitrides  of  the  MeN  type 

insignificantly  exceed  the  bonding  force  in  the  transition  metals 

and  are  2-3  times  less  than  the  bonding  forces  in  the  corresponding 

carbides.  It  is  obvious  chat  the  loosening  effect  of  the  nonlocalized 

part  of  the  valence  electrons  is  responsible  for  this.  There  is 

observed,  although  not  clearly  expressed,  a  decrease  in  the  coefficient 

of  thermal  expansion  of  nitrides  with  a  growth  in  the  localization 

of  valence  electrons  in  the  d '’-configurations  of  a  metal  and  the 
•5 

sp  -configurations  of  nitrogen. 

The  thermal  stability  of  nitrides  at  high  temperatures  has  been 
investigated  in  many  works.  In  Pig.  -17  there  are  given,  according 
to  the  data  of  [833],  analytic  curves  of  the  elasticity  of  the 


dissociation  of  nitrides  at  various  temperatures.  The  authors  [834] 

_  it 

investigated  the  dissociation  of  nitrides  in  a  vacuum  of  10  ’  mm  Kg; 
the  results  are  shown  in  Pig.  18.  A  detailed  survey  of  the  stability 
of  nitrides  in  a  vacuum  is  given  in  monograph  [8351. 


tooo  hoo  m 


Fig.  17.  Analytic  curves  of 
the  elasticity  of  dissociation 
of  nitrides  [833]. 


Fig.  18.  The  behavior  of 
certain  nitrides  in  a  vacuum. 


Investigations  of  the  vaporization  of  nitrides  in  a  vacuum 
showed,  that  nitrides  dissociate  into  metal  and  nitrogen 

MeN<„)  =  Me(n)  +  .J-N,.  (T.l) 

In  work  [203]  the  vaporization  rates  and  the  vapor  pressures 
of  titanium  and  zirconium  nitrides  were  determined.  At  temperatures 
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of  2000-22i>0°K  the  vaporization  rate  of  titanium  attains  a  considerable 
magnitude,  therefore  th.  dissociation  pressure  was  calculated  in 
this  way 


—  TirM  ■{-  1-N,. 


(1.2) 


Zirconium  nitride  under  the  same  conditions  dissociates  in  this 
way  (1.1).  Data  on  the  vaporization  rate  and  the  dissociation 
pressure  of  TiN  and  ZrN  are  given  in  Table  13. 


Table  13.  Vaporization 
rate  and  dissociation 
pressure  of  TiN  and  ZrN. 


TIN 

ZrN 

.* 

kT 

to 

•  CVi* 

&  £ 

6^ 

at 

X 

• 

c 

W 

si 

© 

at 

1987 

1,510 

0,650 

7236 

0,534 

0,915 

2017 

1,972 

0,854 

2259 

.1,299 

2,397 

2050 

3,129 

1,366 

2318 

2,979 

5.5J3 

2058 

3.360 

1,469 

2333 

2,714 

4.977 

2155 

1S.S63 

7,14.6 

2344 

3.020 

5,536 

2157 

.  20,510 

9,178 

2451 

14,981 

28,96 

2212 

33,254 

15,68 

2466 

16,127 

31,04 

2241 

70,555 

32,21 

From  Table  14  [7*0  it  is  clear  that  the  dissociation  of  nitrides 
is  hampered  by  a  decrease  in  the  localization  of  valence  electrons 
into  stable  configurations  and  is  substantially  facilitated  with  high 
localization,  extending  as  far  as  the  appearance  of  energy  gaps 
between  the  metal  atoms  and  the  nitrogen  atoms.  For  semiconductor 
nitrides  of  chVomium,  molybdenum  and  tungsten  the  elasticity  of 
dissociation  is  greatest  at  minimum  temperatures.  It  is  noted 
that  the  relatively  high  elasticity  of  dissociation  of  vanadium 
nitride,  which  can  be  compared  with  the  low  thermal  coefficient  of 
electric  resistance  of  this  nitride,  the  relatively  high  transition 
temperature  of  transition  to  'superconductivity  and  other  character¬ 
istics,  indicating  the  high  statistical  weight  of  the  stable  config¬ 
urations  of  vanadium  and  nitrogen  atoms  in  this  compound  and  the  low 
weight  of  the  nonlocalized  part  of  the  valence  electrons. 


Table  111.  Elasticity 
of  the  dissociation 
of  nitrides  [7*0. 


Tenpu  ratu  re 


lie 1j 

at  fi  pressure  of 

xy 

u 

y 

to 

X 

x 

1  i 

w 

& 

1  1 

It 

Li 

ScN 

1880 

1734 

1607 

1496 

YN 

1990 

1833 

1704 

1587 

TiN 

2912 

2689 

24S9 

233! 

ZrN 

2603 

2390 

2205 

2046 

VN 

1242 

1127 

1024 

933 

NbN 

1946 

1770 

1620 

1491 

TiN 

1921 

1746 

1599 

1460 

CrN 

719 

646 

582  I 

533 

9f\ 

329 

283 

243 

209 

344 

296 

256 

221 

TVJ, 

2401 

2206 

2037 

1890 

U.N, 

2267 

•  2070 

1950 

1753 

UN 

2010 

1855 

1721 

1602 

C«N 

2196 

2029 

t 

i 

1884 

1756 

Optical  properties.  The  optical  properties  of  transition-metal 
nitrides  have  been  little  studied.  The  available  data  [3^0]  on  the. 
emission  coefficient  of  nitrides  at  a  wavelength  of  emitted  light  of 
X  =  650  nm  are  given  in  Table  15. 


Table  15.  Emission  coefficients  of  transition- 
metal  nitrides. 


Vitrlde 

*oo*c 

900*C 

1000*0 

HOOK 

I200K 

1300*C 

ju«*C 

t 

1500  *c 

1600*C 

170OT 

1800*C 

1900*C 

2000 *C 

TiN 

0,82 

0,81 

0.81 

0,80 

0,80 

0.80 

0,79 

0.79 

0,79 

0,79 

0,78 

0,78 

0.78 

ZrM 

0,73 

0,73 

0.73 

0.74 

0,74 

0,75 

0,75 

0,75 

0,75 

0,75 

0,76 

0,76 

0,76 

HfN 

0.84 

0.84 

0,84 

0,84 

0.84 

0,84 

0,84 

0.84 

0,84 

0,84 

0,84 

0,84 

— 

V,N 

0,82 

9.S2 

0.82 

0.82 

0,82 

0.82 

0.82 

0.82 

0,82 

— 

— 

VN 

0.77 

0.77 

0,77 

0,77 

0,77 

0,77 

0.77 

0,77 

0,77 

0,77 

0,77 

0,77 

0,77 

Nb,N 

0.82 

0,82 

0.82 

0,82 

0,82 

0,82 

0,82 

0,82 

0,82 

0,82 

- . 

— 

— 

NbN 

0,83 

0.83 

0.83 

0,83 

0.83 

0,83 

0.83 

0,83 

0,83 

0,83 

0,33 

0,83 

0,83 

T»J4 

6.83 

0.83 

0.83 

0,83 

0.83 

0.83 

0.83 

0,83 

0,83 

0,83 

_ . 

— 

— 

TaN 

0.79 

0.79 

0.79 

0.79 

0,79 

0,79 

0,79 

0.79 

0,79 

0,79 

0,79 

0,79 

0,79 

Cr,N 

0,69 

0,69 

0.69 

0.69 

0,69 

0,69 

0.6) 

0,69 

0,69 

— 

- - 

— 

— * 

CrN 

— 

— 

— 

0,60 

0,58 

0,55 

0,53 

0,51 

0,43 

0,46 

0,44 

0,42 

0,38 

The  diffusion  of  nitrogen  in  transition  metals.  The  obligatory 
condition  of  diffusion  is  the  formation  as  a  result  of  the  diffusion 
process  of  a  system,  stabler  in  an  energetic  regard  than  the  mixture 
of  the  initial  components,  i.e.,  possessing  less  free  energy.  This 


42 


condition  can  be  fulfilled,  if  as  a  result  of  diffusion  tne  statistical 
weight  of  the  atoms,  possessing  stable  configurations  of  a  localized 
part  of  the  valence  electrons,  increases.  With  the  diffusion  of 
nitrogen  either  the  transfer  by  its  atoms  of  one.  electron  to  the 

*  O 

metal  atoms  with  the  formation  of  an  sp  -configuration  is  possible 
or  the  acceptance  by  the  nitrogen  atoms  of  the  valence  electrons 

0  K 

of  the  metal  with  the  formation  of  an  s  p  -configuration.  Since 
part  of  the  nitrogen  atoms  can  give  up  a  highly  mobile  electron, 
then  the  activation  energy  of  the  diffusion  of  nitrogen  in  the  trans¬ 
ition  metals  is  somewhat  higher  than  the  activation  energy  with  the 
diffusion  of  carbon  in  the  same  metals,  but  lower  than  boron.  This 
is  explained  by  the  fact  that  in  the  latter  case  the  most  energetically 
efficient  state  of  boron  atoms  is  their  unification  with  the 
liberation  of  a  part  of  the  electrons  and  with  the  formation  of  sp  - 
configurations  (Table  16). 

Table  16.  Activation 
with  the  diffusion  of 
certain  nonmetals  in 
transition  metals, 
kJ/mole  [850]. _ 


Metal 

Boron1 

Carbon 

Tl 

128,12 

79,97  141,51  140,26 

Zr 

144,44 

17t,66  164.12  124,77 

Hf 

238,65  233,83 

Nb 

247^02 

133,98  161.6  115.87 

Ta 

200,67 

104,67  184.22  121,42 

Cr 

_ 

117,23  43,63  - 

Mo 

184,4 

347,5?  -  - 

W 

— 

257,49  -  - 

The  diffusion  rate  usually  increase  with  an  increase  in  activa¬ 
tion  energy,  since  the  high  values  of  activation  energy  correspond 
to  the  formation  on  the  surface  of  a  not  very  high  statistical  weight 
of  atoms  with  stable  configurations  and  to  the  relative  ease  of  their 
disturbance  for  the  continuation  and  development  of  the  diffusion 
process . 

In  practice  at  low  temperatures  solid  solutions  of  nitrogen 
in  metals  will  be  formed;  at  higher  temperatures  diffusion  acquires 
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a  reaction  character,  i.e.,  it  is  accompanied  by  the  formation  of 
nitride  phases  which  are  frequently  used  for  the  creation  of  nitride 
coverings  on  metals. 

Tensile  properties.  "The  strength  of  transition-metal  nitrides 
at  normal  and  high  temperatures  has  been  little  investigated  [140 „ 

147,  851].  Between  microhardness  and  the  factor  of  Lindemann's 
equation,  determining  the  frequency  of  the  oscillations  of  linear 
oscillators,  there  is  a  certain  correlation  (Pig.  19)  [852].  This 
is  apparent,  proceeding  from  the  closeness  of  the  processes,  occurring 
during  melting  and  the  measurement  of  hardness,  to  which  in  his  time 
Born  indicated,  and  in  the  application  of  interstitial  phases  —  in 
[852,  853].  In  work  [858]  an  attempt  is  made  to  connect  hardness  with 
the  energies  of  the  atomization  and  the  complete  and  free  specific 
surface  energies.  The  hardness  of  the  lowest  nitride  phases  is 
substantially  higher  than  the  hardness  of  mononitrides  which  can  be 
explained  by  analogy  with  the  concepts  of  [854,  781]  by  the  essential 
strengthening  of  the  Me-Me’  compounds  with  a  decrease  in  the  relative 
number  of  interstitial  atoms  of  nitrogen  in. phases  of  saturated 
composition.  In  work  [147]  it  was  demonstrated  that  with  a  decrease 
in  the  nitrogen  content  within  the  limits  of  the  region  of  homogeneity 
of  the  nitride  phases  of  transition  metals  hardness  is  reduced.  The 
decrease  occurs  at  a  greater  rate  than  for  carbides  which  is  explained 
by  appearance  for  the  nitrides  of  a  fraction  ofean  ionic  bond, 
increased  with  a  reduction  of  the  nitrogen  content  within  the  limits 
of  the  region  of  homogeneity ,  i.e. ,  with  an  increase  in  the  localization 
of  electrons  on  the  Me-Me  bonds  and  with  an  increase  in  the  statistical 
weight  of  the  s^p  -configurations  of  nitrogen  atoms.  The  decrease 
In  hardness  is  accompanied  by  the  appearance  and  the  increase  in 
the  energy  gaps  between  states  of  the  metal  and  nitrogen  atoms  that 
externally  appears  in  the  increase  In  the  width  of  the  forbidden 
zone . 

For  the  phases  of  saturated  composition  with  respect  to  the 
nitrogen  content  hardness  regularly  decreases  with  an  increase  in 
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the  weight  of  the  stable  configurations  of  transition-metal  atoms 
(Fig.  20).  With  this  a  reduction  in  the  statistical  weight  of<s2p^- 
configurations  occurs  and  an  increase  in  the  statistical  weight  of 
the  sp^-configurations  of  the  nitrogen  atoms,  i.e.,  a  simultaneous 
increase  in  the  symmetry  of  the  distribution  of  the  electron  density 
to  which  a  reduction  in  hardness  always  corresponds  [851].  It  is 
necessary  to  note  that  the  factor  of  symmetry  is  stronger  than  the 
weight  factor  of  nonlocalized  electrons,  thus,  for  example,  fo- 
titanium  nitride,  in  spite  of  the  great  weight  of  the  nonlocalized 
electrons  and  the  strong  lossening  of  the  lattice  caused  by  them, 
the  hardness  is  even  greater  due  to  the  acute  asymmetry  of  the 
distribution  of  the  localized  electrons . 


Fig.  19.  The  relationship  between  the 
microhardness  numbers  of  transition- 
metal  nitrides  and  the  factor  of 
Lindemann's  equation. 


<1 


Fig.  2^1  The  deoencence  of  the 
microhardness  of  transition-metal 
nitrides  on  the  criterion  5 . 


The  presence  of  a  relatively  high  weight  of  nonlocalized 
electrons  in  the.  transition-metal  nitrides,  participating  in  the 
statistical  exchange  with  localized  electrons,  determines  not  only 
their  lower  hardness  than  the  other  analogous  compounds  (carbides, 
borides,  silicide),  but  also  their  lower  fragility  [855,  856].  In 
this  case  this  is  absolutely  analogous  to  reducing  the  fragility 
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and  Increasing  the  plasticity  in  the  C  aeries  (diamond)  -  Si-Ge-Sn 
(white)  -  Pb.  In  this  series  the  localization  of  valence  electrons 
on  stable  sp^-configurations  is  reduced;  the  configurations  determining 
the  rigid,  directional  bonds,  and  the  weight  of  .the  nonlocalized 
electrons  is  increased,  which  ensure  bonding  with  the  localized 
electrons,  entering  into  stable  configurations’ and,  consequently, 
with  the  cores  of  the  atoms.  In  other  words,  for  transition-metal 
nitrides  there  exists  the  great  capacity  o.  the  breaking  of  the 
interatomic  bonds,  i.e.,  without  destroying  the  material. 

The  study  of  the  abrasive  capacity  of  certain  nitrides  carried 
out  by  us  showed  that  the  abrasive  capacity  decreases  in  proportion 
to  the  decrease  in  hardness,  rather  noticeably  reducing  with  this 
the  abrasive  capacity  of  the  carbides  and  especially  of  the  borides 
of  those  same  metals  [1068], 

Transition-metal  nitrides  are  destroyed  by  ultrasound  [ultra¬ 
sonic  vibrations]  [776]. 

Nonmetal  nitrides.  Nonmetal  compounds  with  nitrogen  are 
characterized  mainly  by  a  covalent  type  of  chemical  bond  and  by 
physical  properties  of  a  nonmetallic  or  semimetallic  nature  correspond¬ 
ing  to  this  type.  The  greatest  interest  is  being  manifested  in 
bonds  of  nonmetals  and  semimetals  of 'groups  III  and  IV  with  nitrogen. 
Transition-metal  compounds  of  group  III  with  nitrogen  are  semi¬ 
conductor  compounds  of  the  type  A^^B^.  V/ith  their  formation  atoms 
of  components  A  (A  *  B,  Al,  Ga,  In,  Tl),  having  in  an  isolated  state 

p  2 

an  s  p-configuration  of  valence  electrons,  acquire  a  stabler  sp  - 
configuration  as  a  result  an  s  +  p-transition,  and  then,  joining 
to  themselves  an  electron  of  a  nitrogen  atom  -  quasi-stable  spJ- 
configuration,  whereas  a  nitrogen  atom,  also  losing  electron,  acquires 
an  sp^-configuration,  [857].  Semicondutors  of  the  type  AIIIBV  are 
analogous  in  structure  and  properties  to  semiconductors  of  the  carbon 
(diamond)  group.  Obviously,  'the  stablest  configurations  of  partners 
A  and  B  should  be  possessed  by  the  cubic  boron  nitride  — 'borazon, 


which  causes  the  great  width  of  its  forbidden  zone,  its  high  hardness 
and  melting  point,  and  isolation  of  the  stable  configurations  —  dis¬ 
proportionation  upon  heating  and  incongruent  melting.  With  the 
replacement  of  boron  by  aluminum  and  so  forth,  with  the  constant 
second  component  nitrogen,  the  hardness,  melting  point  and  width 
of  the  forbidden  zone  are  regularly  reduced  (Table  17).  Also  the 
energy  isolation  of  the  configurations  of  atoms  is  reduced;  so  that, 
if  3N  upon  heating  is  decomposed,  then  GaN  vanorized  molecularlly 
[616].  All  A  elements,  except  boron,  form  with  nitrogen  of  compounds, 
possessing  not  a  lattice  of  sphalerite,  and  wurtzite,  apparently, 
due  to  the  sharp  difference  in  the  energetic  stability  of  the  corres¬ 
ponding  electronic  configurations .  This  results  in  the  acceptor 

2  ? 

role  of  nitrogen  with  the  completion  of  its  electronic  s  p  - 

?  ft 

configuration  up  to  the  stable  state  sp  -formation  of  a  high 

statistical  weight  of  these  states  by  both  atoms  (A  and  B). 

* 

! 

Table  17.  Physical  properties  of  transition-metal 


nitrides 

of  group  II] 

:  of  the  periodic  system. 

Nitride 

i 

Crystal 

structure 

Melting 
point , 

°C 

Width  of 
the  for¬ 
bidden 
zone,  eV 

Hardness 
according 
to  Mohs 
hardness 
scale 

tSN 

Cubic  type 
of  sphale¬ 
rite 

3000 

*10 

10 

AIN 

| 

Hexagonal 
type  of 
wurtzite 

\ 

2200 

3.8  . 

9 

GaN 

The  same 

"  1500 

3.25 

- 

InN 

The  same 

1200 

- 

- 

P  6 

Considering  the  higher  stability  of  the  s^p  -configurations 
in  comparison  to  sp  ,  it  is  understandable,  why  compounds  with  the 
structure  of  wurtzite  a  great  width  of  the  forbidden  zone  as  compared 
zo  compounds,  crystallized  iri  the  form  of  sphalerite,  and  also 
relatively  high  values  of  melting  points  and  hardness  (AIN,  GaN, 

InK). 
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With  the  transition  from  nitrogen  to  phosphorus  the  sharp 

-  ^  -  -  _  p 

reduction  in  the  stability  of  a  possible  sp  -configuration  leads 

P  6 

to  the  giving  up  by  the  s^p  -configurations  to  component  A  of  one 
electron,  to  the  formation  of  spJ-configurations .by  both  atoms  and 
accordingly  -  i>f  the  structure  of  sphalerite. 

A  definite  correlation  is  observed  between  microhardness  and 
the  width  of  the  forbidden  zone  of  AIIIBV  semiconductors  (Fig.  21), 
and  also  a  correlation  between  melting  point  and  microhardness  (Fig. 
22).  It  is  noted  that  the  smooth  diminution  in  the  hardness  of 
compounds  of  boron-,  aluminum  and  indium  is  disturbed  by  the  somewhat 
higher  course  of  the  micrdhardne s s  of  a  number  of  gallium  compounds , 
i.e.,  to  the  relatively  smaller  width  of  the  forbidden  zone  of 
AlllgV  ga]lium  compounds  there  correspond  the  relatively  higher 
values  of  microhardness  than  for  compounds  of  other  A  metals. 

A  similar  departure  is  also  observed  for  the  melting  points  of 
compounds  of  gallium,  which  have  relatively  high  values  of  melting 
points,  as  well  as  values  of  microhardness.  An  increase  in  the 
hardness  and  the  melting  point  can  be  connected  with  the  appearance 
for  these  compounds  along  with  sp ^-configurations  of  also  a  definite 

ii  •  o  g 

statistical  weight  of  configurations  of •  sJp  type.  This,  apparently, 

should  become  more  pronounced  for  indium  compounds .  However  due  to 

the  appearance  for  indium  of  a  completely  vacant  4f-shell  the 

disturbance  of  sp-configuratlons  is  possible  as  a  result  of  the 

partial  transitions  of  valence  electrons  to  4f-states.  For  aluminum 

2  6 

the  formation  of  sp  -configurations  is  most  completely  expressed 
for  AIN,  as  was  already  noted  above,  in  compounds  of  aluminum  with  P, 
As,  and  so  forth.  The  transfer  of  electrons  from  A1  to  phosphorus 
and  other  B  components  is  hampered  as  a  result  of  the  relatively  close 
energy  states  of  the  sp-electrons  of  both  components.  For  gallium, 
having  a  lower  energy  state  of  sp-electrons,  the  transfers 
from  it  of  electrons  to  component  B  are  resumed.  Thus,  the  for¬ 
mation  is  possible  by  component  atoms  simultaneously  of  sp^- 
2  6 

and  sp  -electron  configurations,  the  relationship  of  the  statistical 
weights  of  which  can  oscillate  over  a  wide  range  —  from  practically 
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I 

i 

I 

!  •> 

100^  of  sp' -configurations  (and  the  formation  of  the  structure  of 

sphalerite)  to  practically  100$  s ‘^•'-configurations  (with  the 

formation  of  the  structure  of  wurtzite).  Therefore  for  gallium 

-  atoms  in  its  compounds  of  the  AmBV  type  a  high  statistical  weight 

of  s  p  -configurations  is  possible,  and  it  is  possible  to  expect 

polymorphous  transformations  for  these  compounds  under  certain 

*  conditions. 
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Pig.  21;  The  relationship  between 
the  microhardness  and  the  width  of 
the  forbidden  zone  of  semicon¬ 
ductors  of  the  AmBV  type. 
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Pig.  22.  The  relationship  between 
the  microhardness  and  the  melting 
point  of  semiconductors  of  the 
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A  B  type. 


3.  Thermodynamics  of  Nitrides1 

The  thermodynamic  properties  of  nitrides  are  presented  in 
reference  books  and  survey  works  [i»7,  112,  862].  Therefore  in  this 

*Thls  section  was  written  by  R.  P.  Voytovich. 
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section  the  main  attention  is  focussed  on  the  relative  thermodynamic 
stability  of  nitrides  in  various  media,  the  determination  of  the 
temperature  rtmge  ofi  thermodynamic  stability  and  the  equilibrium 
values  of  the  partial  pressure  of  the  nitrogen  of  nitrides,  the 
possibility  of  achieving  reactions  between  nitrides  and  other 
compounds,  and  also  on  an  evaluation  of  the  expected  properties  of 
the  products  of  the  reactions. 

In  Tables  IB  and  19  the  thermodynamic  properties  of  certain 
n'trides  are  presented,  and  in  Fig,  23  the  dependence  of  the  isobaric- 
isothermic  potentials  [Gibbs  free  energies]  of  the  formation  reactions 
of  nitrides  is  presented. 


kc»l 


Fig.  23.  The  dependence  of  the  isobaric- 
potential  [Olbbs  free  energy]  of  forma¬ 
tion  reactions  of, nitrides  on  temperature. 
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Table*- 19.  Thermodynamic  potentials  of  nitride  formation 
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kJ/molt 
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°K 
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-47,47 

— 
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142,35 
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— 
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i 

i  “ 
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— 
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— 

— 
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- 

— 

226,464 

54,09 

1061-1300 

377.231 

90,1 

-439,614 

—106,0 
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— 

209,34 
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— 
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-382,67 
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— 

— 
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— 
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— 
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— 
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— 
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— 
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259,971 
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• 
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— 
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— 
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! 
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-12,037 

-2,376 
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298— 14C0 
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Table  19  (Cont’d). 
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-265.862 
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-16.6 

—57,77 
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-0.2 
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—26.0 
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“ 

'  '  1 

11.62 

'j 

“  j 

1 

l 

87,923 

152.4 

149,47 

•104.042 

93.166 

115.137 

40,612 

223,994 

636,613 

i 

419.617 

412.4 

21,0 

36.4 

35.7 

-24.85 

22.25 

27.5 

9.7  j 

53.6  i 

1 

80.4 

100,2 

99.5 

1500—2000 

298—950 

298—923 

1800— 20&0 

1200-2300 

■>e»v\— Ylflft 

663.312 

156.041 

—753,624 

-693,463 

—790,466 

—150,0 

-213.4 

-186.6 

— 

296—1660 

1680-1800 
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Calculating  the  heat  capacity  of  certain  nitrides.  In  the 
process  of  oxidation  of  refractory  compounds  analogous  to  that, 
observed  In  the  oxidation  of  metals  and  alloys,  a  multilayer  cinder 
will  be  formed,  consisting  of  several  oxide  nhases,  among  which 
at  hl^n  temperatures  the  occurrence  of  various  exchange  reactions 
is  possible,  considerably  varying  the  composition  of  the  cinder 
and  the  condition  of  the  diffusion  through  it  the  reaction  conoonents . 

The  explanation  of  the  thermodynamic  stability  of  refractory 
compounds  in  different  media  and  the  determination  of  the  thermo¬ 
dynamic  possibility  of  the  occurrence  of  oxidation-reduction  reactions 
in  a  layer  of  the  cinder  consists  in  determining  the  isobaric- 
isothermic  potentials  [Gibbs  free  energies]  of  corresponding  reactions 
at  different  temperatures. 

These  values  can  be  calculated  by  several  methods,  of  which 
the  one  deserving  the  greatest  attention  is  the  method  of  determining 
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thermodynamic  values,  in  which  the  values  of  heat  capacities  Cp 
at  various  temperatures,  the  heats  of  formation  AH^g  and  absolute 
entropy  S^g  the  reaction  components  in  the  standard  state  are 
used  [863],  and  also  a  method,  at  the  basis  of  which  lies  the  use 
of  the  given  thermodymamic  potentials  [864]. 

The  values  of  the  latter  for  many  compounds  and  elements  in 
the  gaseous  and  condensed  states  are  given  in  special  tables  [864]. 

The  latter  method  is  extraordinarily  simple  since  consists  in  the 
direct  calculation  of  the  isobaric-isothermic  potential  [Gibbs  free 
energy]  AZ®  of  reactions  according  to  certain  data  of  the  heats  of 
formation  and  given  thermodynamic  potentials  of  the  reaction  compo¬ 
nents  . 

However  up  to  now  the  values  of  the  given  thermodynamic  potential 
ex3 st  only  for  a  few  nitrides  and  carbides  which  excludes  the 
possibility  of  the  use  of  this  method  for  the  broad  class  of  compounds 
Therefore  the  calculation  AZ^  of  reactions  with  the  participation 
of  borides  and  silicide,  and  also  the  greater  part  of  the  carbides, 
nitrides  and  sulfides  is  possible  only  by  the  first  method  which 
certain  equations  of  the  temperature  dependence  of  heat  capacity. 

For  the  greater  number  of  refractory  compounds  in  literature 
the  corresponding  values  of  the  power  series  of  heat  capacity  are 
absent.  Therefore  the  values  of  the  heat  capacities  of  nitrides 
of  the  simplest  type  were  calculated  (Table  20),  using  the  Debye 
method  [863]. 

The  values  of  the  heat  capacities  of  nitrides  at  a  constant 
volume  (Cy)  were  determined  by  interpolation  of  the  table  values  of 
the  Debye  functions  3CD  for  values  of  the  calculated  values  0'/T 
at  all  temperatures  taken  for  calculation. 

The  characteristic  temperature  of  an  element  was  determined 
by  the  Lindemann  formula 


-  v  1 
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where  Tnflis  the  melting  point  of  the  element,  M  is  the  atomic  weight, 
V  is  the  atomic  volume. 


Table  20.  Character¬ 
istic  temperatures  of 
certain  elements  and 
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-  . 

Chamoteristio 

teape  rata  re ,  °k 

« 

s 

•• 

!. 

fas. 

*x 

V,  M 

for  a 

for  a 

J3 

.  • 

met ill 

metal 

55 

in  00- 

in  cor- 

respon¬ 

ding 

respond¬ 
ing:  com- 

oompound 

pound 

| 

1073 

3373 

14,99 

13,62 

m 

— 

- 

1973 

21.13 

144 

— 

W 

1406 
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— 
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3233 
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— 
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ThN 

3903 
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UN 

3933 

— 

— 
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According  to  the  theoretical  concepts,  developed  in  [863, 

865],  the  characteristic  temperature  0'  for  an  element  in  a  compound 
was  calculated  by  the  formula  , 


e'^e 


where  0  is  the  characteristic  temperature  of  the  free  element,  rp,nn 
and  Tnfl  are  respectively  the  absolute  melting  point  of  the  comnound 
and  the  element. 

The  values  of  the  melting  ooints  T  „  and  the  molar  (atomic) 

nn 

volumes  V  of  metals,  nitrogen  and  nitrides,  and  also  the  values  of 
the  calculated  characteristic  temperatures  are  represented  in 
Table  20. 
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Using  value  0'  and  summarizing  the  values  of  the  atomic  heat 
capacities  found  according  to  the  curve  3CD  *  f(e/T),  the  heat 
capacity  Cy  of  refractory  compounds  at  a  given  temperature  was 
determined.  The  transition  to  values  of  heat  capacities  at  constant 
pressure  was  accomplished  with  the  help  of  approximate  formula 

C0  ■*  Cy|l  +  0,02l4Cvjr-j. 

The  experimental  values  Cp  for  titanium  carbide  were  compared 
with  the  values,  calculated  by  the  above  described  method.  The 
coincidence  of  theoretical  and  experimental  values  of  Cp  was  satisfac¬ 
tory  (Pig.  24).  In  the  region  of  high  temperatures,  higher 
c73°C,  the  complete  correspondence  of  calculated  and  experimental 
data  was  observed;  maximum  divergence  observed  in  region  of  tenroer- 
atures  27 3- 4 7 3° K  was  about  5*  of  C  . 

r 


Fig.  24.  The  temperature  dependence  of 
the  heat  capacity  of  certain  nitrides: 
a-HW;  o-sc»;^TUfi  x-un;  0  —  tic  (calculated); 
- tic  (experimental). 


The  calculated  values  of  heat  capacities  Cp  for  the  nitrides 
enumerated  in  Table  20  at  different  temperatures  are  given  in 
Table  21,  and  on  Fig.  24  this. dependence  for  nitrides  is  graphically 
shown.  The  temperature  dependence  of  these  values  can  be  represented 
by  equation 


C,*=af  bT •  10“*r — c*  10*.  T~*. 


\ 
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of  heat  capacity  Cp 

of  nitrides  at  dif¬ 
ferent  temperatures, 

cal* deg  ^»mole 


The  values  of  the  constants  of  equations  of  the  temperature 
dependence  iof  the  heat  capacity  of  nitrides  are  represented  in 
Table  22. 


Table  22.  Values 
of  constants  a, 
b,  c  of  the  equa¬ 
tion  ;  1 

r-r-MPr-t* 


Corona¬ 
tions  I 


tiv 


Thus,  in  the  absence  of  experimental  data  on  heat  caoacity  the 
Debye  method  can  be  successfully  used  for  evaluating  the  heat 
capacity  of  nitrides  of  the  simplest  type. 

Having  the  necessary  thermodynamic  values  available,  it  is 
possible  to  carry  out  the  thermochemical  calculation  of  the  interaction 
in  a  nitride-gaseous  phase  system,  thereby  determining  the  stability 
of  refractory  compounds  in  different  media. 

Calculating  given  thermodynamic  potentials  of  certain  nitrides. 

The  simple  and  convenient  method  of  considering  thermodynamic 
equilibriums  in  a  refractory  compound-gaseous  phase  system  and 
estimating  the  isobaric-isothermic  potentials  [Gibbs  free  energies] 
of  the  reactions  of  the  interaction  of  the  components  of  such 
systems  consist  in  the  direct  cal<iulation  of  the  isobaric-isothermic 
potentials  [Gibbs  free  energies]  cjf  the  reaction,  in  using  the  data 
of  the  heats  of  formation  in  the  Standard  state  AH^g  and  the  given 
thermodynamic  potentials  of  the  reaction  components.  The  values  of 
the  latter  for  elements  and  many  compounds  in  the  condensed  and 
gaseous  states  are  given  in  special  tables  [86M].  However  values 

of  given  thermodynamic  potentials  , exist  only  for  certain  (carbides 

i  J 

and  nitrides  and  the  values  of  these  magnitudes  for  borides  and 
sllicide  are  completely  lacking. 

*  j  » *•  | 

As  is  known,  the  given  thermodynamic  potential  (Table  23)  of 
will  be  formed  by  adding  the  erjthalpy  function  H^-H®  /T  to  both 
sides  of  the  equation: 


jt; 


(1.3) 


obtaining 


(I--4) 
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where  index  u  designates  the  standard  state;  T  is  the  temperature, 
°K,  and  for  temperature  there  is  usually  assumed, 298. lS^K.  For 
the  condensed  phases  there  can  be  obtained  from 


(1.5) 


or,  using  the  value  of  heat  capacity. 


rS 


ffyr 


(1.6) 


Table  23.  Values  of  the 
given  thermodynamic  poten¬ 
tials  of  cer- 

T  T 

tain  nitrides  at  various 
temperatures,  cal. deg”1  x 
x  mole”1.  , 

Jrti1*"  »»*K  SOW  WOW  1S0OTC  JOWK 
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VN 
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TaN 

CrJJ 

CrN 

MojN 

Mn,N, 

Mn,N, 

FeJ4 

FelN 

AIN 


71,7.  82.5, 
23.8  27.7 
16.2  — 
18,2  — 


-  I  8.6 
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For  the  standard  temperature  there  is  usually  assumed  298.15°K. 
The  connection  between  the  two  standard  temperatures  is  carried  out 
by  using  H^g  in  the  following  way: 


i L^k+Hk^..JL=£t 

«**  T  ~  1  T  T  • 


(1.7) 


Fpr  the  chemical  reaction  A$|  is  determined  in  this  way,  as 
well  as  AH  or  AZ. 


'2/$rthe  reaction  of  produota  of  the  irUtial  component; 


(1.8) 


Since 


and 


then 


Alfa  —  HI  In/C. 


w- 


(1.9) 


(I. 10) 


(1. 11) 


and 


of  the  oompoundj® 


*4  . 

"T  +  Z“°f  the  initial  oompo-ienta 


(1.12) 
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Thus,  using  the  relationships  (I. 12),  it  is  possible  co  determine 

the  value  of  the  given  thermodynamic;  potential  of  a  refractory  compound 

if  the  values  of  the  isnbarlc-isothermic  potentials  [Gibbs  free 

energies]  AO0,.,  of  the  formation  reaction  of  the  compound  at  different 
A  n 

temperatures  and  the  values  of  its  heats  of  formation  AHi^g  in  the 

standard  state  are  known. 

The  values  aO°t  of  the  formation  reaction  of  nitrides  (Table 
23)  were  determined  from  equations  of  the  temperature  dependence  of 
their  isobaric-isothermic  potentials  [Gibbs  free  energies],  given  in 
[362].  The  values  of  the  given  thermodynamic  potnetials  of  the 
corresponding  metals  and  nitrogen  were  taken  from  [86^]. 

f  0 

Having  the  necessary  data  A.Z1'^  and  AH^^g  of  the  connections 
available,  and  also  the  values  of  the  given  thermodynamic  potentials 
of  the  corresponding  metals  and  nitrogen,  the  values  of  the 
nitrides  were  calculated  in  accordance  with  equation  (1.12). 

The  knowledge  of  the  given  thermodynamic  potentials  of  certain 
nitrides  makes  it  possible  to  considerably  simplify  the  calculations 
of  the  thermodynamic  potentials  of  the  reactions,  occurring  with  the 
participation  of. these  compounds,  not  resorting  to  the  laborious 
method  of  determining  these  values,  using  the  thermodynamic  relation¬ 
ships  (1.3)  1th  respect  to  the  known,  values  of  the  heats  of  formation 
AH°gg  and  of  the  absolute  entropies  S0^,  and  also  the  heat  capacity 
0^  of  the  reaction  components  in  a  broad  region  of  temperatures. 

The  thermodynamic  stability  of  nitrides  in  different  media.  The 
stability  of  refractory  compounds  is  an  important  factor,  determining 
their  successful  use  as  high-temperature  materials. 

Higher  stability  is  indicated  by  a  large  positive  value  of 
standard  free  energy  of  the  interaction  reaction  of  a  refractory 
connection  with  a  given  gaseo'us  phase.  However,  a  certain  interaction 
is  observed  even  at  positive  value  AZ^  thanks  to  the  fact  that  the 
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reaction  products  can  exist  with  activities,  less  than  unity,  for 
example,  in  their  dissolution  in  the  initial  components.  At  a  larvae 
positive  value  of  AZ°,p  reaction  becomes  practically  impossible. 

It  is  alco  necessary  to  consider  the  kinetics  of  the  reactions. 
In  certain  cases  interaction  with  the  surroundings  is  so  weak  that 
the  use  of  the  material  under  given  conditions  is  possible,  although 
from  the  thermodynamic  point  of  view  it  is  unstable.  Thus,  thermo¬ 
dynamics,  being  a  reliable  means  of  predicting  potentially  stable 
compounds  under  given  conditions,  does  not  make  it  possible  to  obtain 
a  comprehensive  evaluation  of  the  stability  of  compounds.  Let  us  ' 
consider  certain  regularities  of  the  thermodynamic  stability  of 
nitrides  in  a  medium  of  air,  carbon  and  in  a  vacuum. 

a.  The  stability  of  nitrides  in  an  air  medium.  Below  the 
thermodynamic  conditions  of  the  course  of  the  interaction  reaction 
of  nitrides  with  air  at  a  pressure,  equal  to  1  at  (0.2  at  I02  and 
0!8  at  N2)  are  examined,  -and  the  results  of  the  thermodynamic 
calculation  of  equilibriums  in  nitride-oxygen  system  and  the  deter¬ 
mination  of  the  pressure  equilibrium  of  the  gaseous  products  of  the 
interaction  reaction  of  a  number  of  nitrides  TIN,  ZrN,  VN,  BN, 

Si^N^  with  the  oxygen  of  the  air  are  given. 

To  calculate  the  thermodynamic  values  the  given  thermodynamic 
potentials,  tabulated  for  elements  and  compounds  in  gaseous  and 
condensed  states  in  the  special  tables  [86*1],  were  used.  The 
calculation  is  presented  in  accordance  with  equation  (1.11). 

For  reactions,  proceeding  with  the  production  of  gaseous 
products.,  equilibrium  constant  K  can  be  represented  as 


(1.13) 


where  p  is  the  partial  pressure  of  the  gaseous  product  of  the  reaction, 
Pq,  is  the  partial  pressure  of  atmospheric  oxygen  at  atmospheric 
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pressure  p  ■  1  at.  Equation  (1*11)  takes  the  form 


--tin  ir-  *  *•>. 


(1.1*0 


Inasmuch  as-  j>0^  of  the  air  Is  0.2  at  (pN^  *  0.8  at),  the  problem 

, reduces  to>  determination  of  the  pressure  of  the  gaseous  products 
‘of  the  reaction  pN^(H0)  from  certain  tabular  values  AHggg  and  0$ 
of  the  reaction  components. 

The  possible  interaction  reactions  of  the  nitrides  TIN,  ZrN, 

VN,  BN  andjSi^Njj  with  the  oxygen  of  the  air  (0.2  at)  are  presented 
in  Table  24,  from  which  it  is  evident  that  the.  interaction  of  nitrides 
with  oxygen  can  occur  both  with  the  formation  of  nitrogen,  and  also 
of  its  oxide  NO. 


Table  24,  The  equili¬ 
brium  pressure  N?  or  NO 

of  the  oxidation 
reactions  of  certain 
nitrides 


i  Unction  j 


tZrtf+SCV-MKX+m  | 

Sm 

I 

m&m 


-«  jfcir* 

s.o  n 
u.s  ai 

1JS  54 

M  « 

s.o  a 

5.0  M 
»,5  a  * 
8.0  « 


ffe 


■  me  a.6 
b,i  <a 

8,0  48.8 
8.1  27, 
8,0  24,5 
2.7  20,8 
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The  calculated  values  of  the  equilibrium  pressures  otf  the  gaseous 
products  of  reaction  in  accordance  with  equation  (1.12)  at  different 
temperatures  (from  298  to  2000° K)  are  represented  in  Table  24  by 
equations  of  the  temperature  dependence  of  the  pressures  of 
and  NO. 

Nitrides  are  ‘characterized  by  higher  thermodynamic  stability 
*  0 

(large  negative  values  AZ  ,j,),  than  the  corresponding  carbides  at  low 
temperatures,  but  by  considerably  less  free  energy  of  the  formation 
of  the  corresponding  oxides.  Therefore  nitrides  rapidly  decompose 
upon  heating  in  air  (or  in  oxygen)  with  the  formation  of  stabler 
connections-oxides .  Considering  that'  the  thfex-modynamic  stability 
of  nitrides,  oxides  and  nitrogen  decreases  with  temperature  increase, 
the  value  of  the  free  energy  of  an  interaction  reaction  of  nitride 
with  oxygen  also  decreases,  with  the  increase  in  temperature. 

From  a  consideration  of  curves  log  p  »  f(T)  (Figs.  25,  26)  it 
follows  that  the  variation  in  the  free  energy  of  reaction  and  the 
pressure  of  nitrogen  and  nitrogen  oxide  decreases  with  the  increase 
in  temperature,  I.e..,  thermodynamic  stability  of  nitrides  in  air 
is  increased.  At  certain  definite  temperatures  .’or  a  given  oxidation 
reaction  of  a  nitride  AZ°T  *  0,  i.e.,  the  occurrence  of  the  process 
becomes  thermodynamically  improbable.  An  evaluation. of  the  values 
of  these  temperatures  shows  that  they  lie  in  a  region  of  very  high 
values  (more  than  6000°K) ,  exceeding  by  far  the  usual  temperature 
regions  of  experimental  investigations.  Consequently,  at  normal 
temperatures  the  oxidation  process  of  nitrides  is  characterized  by 
high  thermodynamic  probability  and  occurs  spontaneously  in  the 
direction  of  the  formation  of  more  stable  reaction  products. 

• 

The  calculated  pressures  of  gaseous  N2  and  NO  do  not  consider 
the  protective  nature  of  the  cinder  layer  forming.  Nevertheless 
under  conditions  of  constant  gas  generation  the  forming  layer  of 
oxides  is  gradually  disintegrated  and  the  observed  pressure  of  N2 
and  NO  can  sometimes  be  very  close  to  the  calculated  values. 


Fig.  25.  The  tempgjpature  dependence  of 
isobaric-isothermiP potentials  [Gibbs  free 
energies]  of  the  oxidation  reactions  of  TIN 
and  ZrN: 


?!  :==r 


As  can  be  seen  from  Figs.  25,  26  the  thermodynamic  possibility 
of  the  occurrence  of  the  oxidation  reaction  nitrides  with  the 
production  of  the  corresponding  oxide  and  gaseous  nitrogen  is  much 
greater  than  the  thermodynamic  possibility  of  the  oxidation  reactions, 
the  product  of  which  is  NO.  Actually*  nitrogen  oxide  is  characterized 
in  contrast  to  other  compounds  by  a  comparatively  large  negative 
thermal  effect  of  formation  and  by  high  value  of  entropy.  This 
determines  the  lower  value  of  the  free  energy  of  the  reactions,  the 
product  of  which  is  NO. 


For  a  given  nitride,  the  oxidation  products  of  which  can  be 
several  different  oxides,  the  thermodynamic  possibility  is  maximum 
for  reactions,  proceeding  with  the  formation  of  the  highest  oxides 
of  the  given  metal.  In  oxygen  medium,  in  spite  of  the  fact  that 

AZ°ZrN  >  ^^TIN*  titanlum  nitride  is  thermodynamically  stabler  than 
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zirconium  nitride,  thanks  to  the  lower  value  of  the  free  energy  of 
the  formation  of  Ti02  as  compared  to  Zr02. 


Pig.  26.  The  temperature  dependence  of 
isobaric-isothermic  potentials  [Gibbs  free 
energies]  of  the  oxidation  reactions  of  VN, 
BN  and  Si3Nj4 : 


b) 


Prom  a  consideration  of  thermodynamic  equilibrium  in  nitride- 
oxygen  systems  and  the  values  of  the  pressure  of  the  gaseous  reaction 
products,  it  follows  that  in  the  temperature  interval  ?98-2000°K  the 
nitrides  are  unstable  in  oxygen  and  can  be  subjected  to  oxidation 
ifith  the  formation  of  the  corresponding  oxides  and  gaseous  products 
N2  and  NO. 

The  interaction  reactions  of  nitrides  with  oxygen,  the  products 
of  which  is  nitrogen,  are  characterized  by  higher  values  of  negative 
free  energy  than  reactions,  occurring  with  the  formation  of  NO. 

Therefore  in  analyzing  the  products  of  the  oxidation  reaction  of 
nitrides,  as  a  rule,  only  nitrogen  is  detected. 

The  stability  of  nitrides  in  a  vacuum.  Nitrides  are  character¬ 
ized  by  higher  values  of  free  energy  of  formation  than  the  corresponding 
carbides  and  sulfides.  The  thermodynamic  stability  of  nitrides  is 
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usually  higher  than  the  thermodynamic  stability  of  the  corresponding 
carbides  at  298°K,  however  the  value  of  the  absolute  values  of  the 
entropy  of  the  formation  of  nitrides  is  higher,  which  also  determines 
the  sharp  decrease  in  the  free  energy  of  the  formation  of  nitrides 
with  a  temperature  rise. 


Due  to  relatively  low  thermodynamic  stability  at  high  temper¬ 
atures  nitrides  are  characterized  by  high  values  of  the  dissociation 
of  nitrogen,  and  this  factor  to  a  greater  degree  than  the  values  of 
their  melting  points,  limits  possibility  of  their  use  as  refractory 
materials . 


In  Table  25  the  calculated  values  of  the  equilibrium  pressures 
of  nitrogen  during  the  dissociation  of  certain  nitrides  are  presented 


1 Q8P*f,  =* 


*4  ■ 


where  p^  is  the  equilibrium  pressure  of  the  dissociation  of  nitrogen, 
AZ^t  is  the  variation  in  the  free  energy  of  the  formation  of  nitride. 


Table  25.  The  values  of  the  partial  pressure  of 
nitrogen  with  the  dissociation  of  certain  nitrides. 


Reaction 


Mr  x 


MOCK 


IOOOCK 


IMO'K 


*M>K 


2U.N£6U+N, 

Bej^Be+N, 

MfoN^Mt+N. 

OjN^SCa+N, 

Ba^^Bo+Nt 

2UN22U+N, 

SCeN^JCe+N, 

V,Th^*/,Th+N, 

2UN*2U+N* 

2TIN£2TI+M, 

2ZrN2T2Zr+ht, 

2VN2j2V+N« 

2Ntti*2Nb-t-N, 

2T*N^2T*+N, 

2C-,N^4Cr+N,  ' 

2CrN^2Cr+M, 

<CrN^2CrN+N, 

ZMo^Mo+N, 

Mn,Nwi5Mn+N, 

MnjNaSWMn+N, 


2AlH^3A1-fN, 

2BN?28+N,_ 


6,49  Hr** 

1.24 .10- * 
9,95  10-71 
8,45- 10-*7 

5.55.10- ** 

1.51.10- ** 
3,39- io-'** 

8.53.10- ** 
1,01-10— l0* 
1,41- 10~u* 
4,01-10 
7,24  10“T* 
3,72- 10-77 

1.4MH* 
9;34*10  ** 
2,03-10-** 
2.83-10— *• 
4.07.10-** 

,  ,07-10-** 
4,65.10* 
[2,58.10 
1,22-10— ,M 
2,410-** 


|s;65-10— *T 
1.28-10-** 
Is.ia-io— *• 
1,08.10-“ 
3,310-** 
7,95- 10-** 
5,55- 10-** 

9.31-  10-** 

3.31-  10“*' 
3,58- 10-4' 
1.18.10-47 
19,62-10— 43 
3,38- 10-*' 
6,18-10— 43 
9.06-10-'* 

3.42- 10“ 13 
2.68  10-17 
1,5510-* 
8.3M0-1* 
4.97-10-*3 

1.42- 10* 
4,69-JO* 

2,6.10“** 

12,34.10-** 


t.as-ior*1 

3,33- 10“'* 
9,5510-** 
3,410“? 

2.59.10- *! 

6.84.10- *4 

7.57.10- ** 

2.87.10- ** 

4.25.10- ** 
5,316-“ 
9,46ro-‘* 
1,06.10-** 

4.23.10- ** 
3.45-10-* 
1.64-10-* 

^.ss-io1-* 

1,27.10“* 


4,3-10* 

1,94.10* 

1.17-10-** 

7,55.10“*° 


9,0610-* 


1.55.10- '* 
2,74.10“" 
2,51  -10— 14 
3,03- 10— '* 
3.83- IO-8 
9,08.10—* 
4.75-10-'* 

1.96. 10- * 
1,9510 
7.02 
1,8.10 


4,6-10—* 


6,97.10-* 
2,67- 10-* 


7,21.10“* 
4,9410-* 
3,9- Hr* 


3,55- 10» 


1,39.10“* 
3.61-  Hr* 
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On  Pig.  27  the  temperature  dependence  of  the  equilibrium 
pressures  of  nitrogen  are  given.  Temperature  dependence  log  p  -  1/T 
can  be  described  by  an  equation  of  the  form  log  p  «  a  +  b/T.  In 
Table  26  values  a  and  b  are  presented  accordingly  for  all  the  examined 
nitrides. 


Pig.  27.  The  temperature  dependence  of  the 
partial  pressures  of  nitrogen  during  the 
dissociation  of  nitrides. 


As  follows  from  Pig.  27.  the  thermodynamic  stability  of  metal 
nitrides  decreases  with  an  increase  in  the  atomic  number  of  the  metal 
forming  the  nitride.  The  highest  thermodynamic  stability  is  character¬ 
istic  for  ssirconium  and  titanium. mononitrides .  They  have  the  lowest 


equAIltiriuir  pressure  of  nitrogen  ar,d  therefore  can  be  used  in  a 
vacuum.  Somewhat  lower  stability  is  possessed  by  the  mononitrides 
of  the  rare-earth  elements  and  the  actinides,  nitrides  of  group  V 
of  the  transition  metals.  The  nitrides  of  group.  VI  are  rather 
unstable.  For  example,  for  MogN  the  partial  pressure  of  nitrogen 
amounts  to  1  at  at  a  temperature  of  895°C.  Nitrides  of  group 
VIII  Fe2N  and  Fe^N  are  characterized  by  great  values  of  the  equilibrium 
pressure  of  nitrogen  and  are  thermodynamically  unstable  in  all 
examined  region  of  temperatures. 

| 

The  nitrides,  the  decomposition  pressure  of  which  is  more 
than  10“^  it,  are  unstable  and  highly  volatile^  From  the  data  of 
Table  2 6  i4  follows  that  all  nitrides,  as  a  rule,  are  unstable  at 
a  temperature  of  2000°K. 

.  Table  2f>.  The  values  of  con- 

,  stants  a  and  b  of  the  equation 

of  temperature  dependence  log 
p  ■  a  +  b/T  of  the  partial, 
pressures  of  nitrogen  during 
the  dissociation  of  certain 


In  the  process  of  the  decomposition  of  the  greater  share  of 
the  nitrides  gaseous  nitrogen  is  liberated  and  a  solid  solution 
of  nitrogen  in  the  metal  will  be  formed;  other  nitirdes,  for 
example  UN,  form  gaseous  nitrogen  and  vapors  of  the  metal. 
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The  values  of  the  partial  pressures  of  nitrogen  upon  the 
dissociation  of  nitrides  at  a  given  temperature  can  also  be  deter¬ 
mined  from  Pig.  27.  To  determine  the  dissociation  pressure  of  a 
nitride  at  a  given  temperature  it  is  necessary  to  connect  point  D  on 
extreme  left  of  the  vertical  line,  corresponding  to  a  temperature  of 
absolute  zero,  with  the  point  on  line  AZ°T  for  the  particular 
nitride  and  to  continue  this  straight  line  until  it  intersects  with 
the  right  pressure  scale.  The  point  of  intersection  will  give  the 
value  of  the  partial  pressure  of  the  nitrogen  of  the  nitride  at  a 
given  temperature. 

The  stability  nitrides  in  a  carbon  medium.  At  high  temneratures 
nitrides  are  characterized  by  lower  thermodynamic  stability  than  the 
corresponding  carbides,  in  consequence  of  which  they  interact  with 
carbon  with  the  formation  of  corresponding  carbides  or  carbonitrides 
and  the  liberation  of  gaseous  nitrogen. 

In  spite  of  the  importance  of  such  information,  up  to  now 
equilibriums  in  nitride-carbon  systems  have  been  little  investigated. 
In  work  [112]  certain  thermodynamic  data  on  the  interaction  reactions 
of  a  number  of  nitrides  (AIN,  UN,  SI^N^,  TiC)  with  carbon  at  a 
temperature  of  2000°K  are  given. 

In  Table  27  the  results  of  the  thermodynamic  calculation  of  . 
equilibriums  in  a  nitride-carbon  system  at  temperatures  of  2.98,  500, 
1000,  1500,  2000°K  are  presented  and  the  possible  assumed  reactions 
between  nitrides  and  carbon  (but  neglecting  the  possible  formation 
of  carbonitrides). 

Let  us  briefly  examine  the  basic  regularities  of  the  processes 
of  the  interaction  of  nitrides  with  carbon. 

The  thermodynamic  stability  of  nitrides  at  298°C  is  higher  than 
the  thermodynamic  stability  of  the  corresponding  carbides,  however 
the  values  of  the  absolute  magnitudes  of  the  entropy  of  nitrides  are 
higher,  which  also  determines  the  sharp  decrease  in  the  value  of  the 
free  energy  of  formation  of  nitrides  with  a  rise  in  temperature. 


Table  2(,  equilibrium  pressure  of  nitrogen  of  the  interaction 
of  a  number  of  nitrides  with  carbon  at  different  temperatures . 


Reaction  ' 


Values  pjfJ,  at 


JH'K 


am 


,+K» 

M|*N,+flC-3M|C,+N, 
CsiNj+flC— SCsCj+N* 

''i® 

IUN+JC-.2UC+N, 

tuN+aq-uA+N, 

MK-HC-JUCrfN, 

:  fTIN+IC-aUC+N, 

'  HrN+lC-.2ZfC+N, 

8VN+C-V£+N, 

i  avN+ic-ayc+N, 

SNkJ+C-SN^/I+N, 

■  SNbNfJC-aibC+N, 

j  2T«n+c~t«£+n, 

IfftN+JC^faC+H 

i  2Cr*+**/w C- 

I 

» 

I  2Cr^J+‘*/£» 

'  »‘/AA+N, 

aCrN+»/WC- 
-•/•CtmCs+N, 

aCrN+VjC« 

-VAA+N. 
aerN  +*/£« 
-VAA+M* 

2Mo^I+2C~2Mq£+N, 


MnA+VdC-i/sMa^+NJ  6-,71«r" 


Mn,Nt+w/,C** 

"V»MnA+N» 

MoA+C-MiWC+N, 

MaA+V^C- 

“*/»MnA+Ni 

2F*tN+4C-4Fe1C+N, 

m- 

JBN+VdC-'/iB^+N, 

2A1N+V£-VsA1A+N, 

V.«sN.+*/£-*/£«+NJ 


1 ,2ft- 10" 

1,  23.10-** 

5,25.10+** 

1,06*10-" 

4.37- 10-** 
i  .SflUO’ 

7.69.10- ** 

2.40.10- " 

o.oi.ior4*, 

8.32.10- “ 

4,87*10-** 
6,17.10”" 
1,07.1<T** 
8,28. 1QT" 

i.a.io-** 

2, 87*1  or* 

1.12.10- " 

1,66-UT— 

l.MOr" 
2,87.10** 
1,41.  lor*1 

7.89. 10- “ 

1.29.10- ** 


8,7*10-" 

•1,38.10-** 

6,96.10”" 

1.91.10T* 

i,7.icr* 

1,26>  >or* 

9,12.10**' 

1,86.10-" 


*00*  K 


looo'X 


ttOO*X 


4.90.10- ** 

1.23.10- '® 
8,28. 10“" 

8.37.10- ** 

4.27.10- ** 
1,05.10-**. 
9,33*  Hr" 
IJS.lor" 
W'\r* 

3.89.  icr" 

2.96.10- '* 
1,7-lOr" 
2,94.10r" 
7.94.K T1* 
2.24.10r"j 
8,76.  ir" 

6.31.10- * 

1 .38-10-4 

2.51.10- ® 

2,88.10”'* 

1.35.10- '* 

6, 31.  lO-'* 

4.47.10- '® 

2.19.10- " 

1.12.10- '* 

1.78.10- " 

5.88.10- '* 

6.13.10- * 

4.57.10- ' 

1,51.10* 

2.45.10- ** 

1.95.10- ** 


3,09.10“" 

.2,09 
1,70.10 

3,18.10 J 

6,03-10 fn 
3,39.10“" 
1,59.10-'® 
1,1*10“'® 
2,63.10-* 
3,09.10-" 


5,540““ 
4,9- tor* 
9,12.i0r* 
2,09*  10r" 

6.92.10- * 
4,27*  tor» 

3,3.40 

3,09.16^' 

4,27 

3,72.10 

3,55  • 

2.67.10- ' 


140* 


{Coefficients  _ 

for  the  Temperature 

'equation  interval, 


'  tOOO'K 


1,12.10-'* 

1.45.10— * 

1,1. lor*4 

2.14.10- * 
8,13.10“* 
2,95. 10r* 
2,63.10* 


1-10* 

7,41.10* 

3,3M0« 

t.o-ior'! 

5,89.10-* 


S,47.l(r* 

3.63.10- ® 
2,04-10 

2.19.10- * 

2.14.10 

[4.1640 

3,6340* 

2.88.10 
2,69.10* 
1,85.10* 

4,57.10* 

1  23-10* 


3.29.10- * 

2.46.10- ' 
1,99.10“' 
3,09.10r» 
2,82.10“' 


8,32- 10r» 


1,1*10* 

2,60.10* 


6.9240* 


2,13.10“* 

8,32.10-* 


l, 7-  lot- 

4,  6610 


7 
8,2 
8,16 

9.2 
9,22 

29,75 

j&9,08 

.6 

6.35 

4.35 

7.25 
4.46 
VJ1 

•Too 

6.2 

13H 

14.25 

15 

14,63 

7,92 

14,52 

6,00 

12,45 
8,2 
8,  2 


7,98 

8,7 

14,46 

0,5 


32.2 
3.8 
9,78 
U. 

32.23 

19.2 
20,16 
19,92 
{20 

15.23 

23.45 
15,23 
6,62 

30,68 

20.5 
25,85 

10.46 

10,83 

9,22 

10, 

1,76 

+0,53 

5,00 

8,00 

11.6 

10,5 

12.45 

8,43 

8,30 

13.45 

8.45 

12.45 
5,75 
4,98! 


+2,5 

1,65 

30,23 

15,75 

0,38 


°K 


298—1000 

1000-1600 


298—600 

500-1000 

1000-1600 


298—500 

500—100 

1000-1500 


298-1600 

1500-2000 
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In  th5  Interaction  of  nitride3  with  carbon  the  corresponding 
carbides  will  be  formed  and  gaseous  nitrogen  will  be  liberated.  The 
thermodynamic  possibility  of  the  occurrence  of  a  reaction  and  its 
variation  with  an  increase  in  temperature  depends  on  the  resultant 
balance  of  the  variation  with  temperature  of  the  thermodynamic  sta¬ 
bility  of  the  products  and  the  initial  reaction  components.  Thus, 
it  is  possible  to  expect  that  in  a  region  of  low  temperatures  of  the 
interaction  reactions  of  nitrides  with  carbon  will  be  thermodynamically 
improbable.  With  an  increase  in  temperature  the  process  of  the 
interaction  of  nitrides  with  carbon  occurs  spontaneously,  i.e., 
the  nitrides  in  the  carbon  medium  are  thermodynamically  unstable,  and 
move  in  the  direction  of  the  formation  of  the  corresnonding  carbide 
and  gaseous  nitrogen. 

Actually,  the  data  obtained  by  us  on  the  calculation  of  the 
isobaric-isothermic  potential  [Gibbs  free  energy]  of  the  interaction 
reaction  of  nitrides  with  carbon  (Pig.  28,  see  Table  27)  show  that 
the  pressure  of  nitrogen  increases  with  an  increase  in  temperature. 

Prom  a  consideration  of  the  lines  log  p  -  1/T  it  follows  that 
the  variation  in  the  free  energy  of  the  reaction  and  accordingly  the 
•pressure  of  nitrogen  increase  with  an  increase  in  temperature,  i.e., 
the  thermodynamic  stability  of  the  nitrides  in  the  presence  of  carbon 
decreases.  From  a  consideration  of  the  condition  AZ0,,,  «  0  (K  *  1) 

(the  condition  of  the  impossibility  of  the  occurrence  of  reaction) 
it  follows  that  at  certain  completely  definite  temperatures  of  the 
interaction  reactions  of  nitrides  with  carbon  becomes  thermodynamically 
improbable.  The  corresponding  temperatures  calculated  by  us, 
responding  to  condition  AZ°T  =  0,  are  different  for  all  nitrides  and 
usually  increase  with  a  decrease  in  the  valence  of  the  metal,  forming 
the  nitride. 

Thus,  from  an  analysis  of  lines  log  p  -  1/T  it  follows  that  the 
thermodynamic  stability  of  nitrides  in  a  carbon  medium  decreases 
with  an  increase  in  the  atomic  number  of  the  metal  group,  forming 
the  nitride. 
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Pig.  28.  The  temperature  dependence 
of  the  equilibrium  pressure  of  nitro¬ 
gen  of  the  interaction  o'f  nitrides 
with  carbon  (the  numbers 'of  the  curves 
correspond  to  the  numbers  of  the 
reactions  in  Tatjle  27). 

From  Fig.  28  it  is  clear  that  according  to  their  stability  with 
respect  to  carbon  all  nitrides  form  several  definite  groups.  The 
highest  thermodynamic  stability  is  characteristic  of  the  nitrides 
Th^N^,  AIN.  The  interaction  of  reactions  of  the  nitride  Th^Ni( 
with  carbon  are  characterized  by  the  lowest  values  of  the  magnitude 
of  pressure  of  nitrogen  in  a  broad  region  of  temperatures,  thanks 
to  which  Th^Njj  can  be  used  in  reduction  media  up  to  temperatures  of 


t 
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2500°K  and  above.  Characterized  by  their  somewhat  lower  stability 
are  the  nitrides  of  the  transition  metals  of  the  fourth  and  fifth 
groups  VN,  UN  and  ZrN,  and  distinguished  by  their  still  lower 
stability  are  the  nitrides  Si^,  NbN  and  TIN.  Of  all  the  enumerated 
nitrides  the  most  thermodynamically  stable  with  respect  to  carbon  is, 
thus,  chorjuin  nitride  Th-N^,  and  all  the  remaining  enumerated  nitrides 
can  interact  with  carbon  starting  with  a  temperature  of  1500°K. 


Distinguished  by  their  considerable  instability  are  the  nitrides 
of  the  sixth  and  seventh  groups  of  the  periodic  system.  The  stability 
of  nitrides  decreases  in  the  following  sequence:  CrN,  Mo^N,  Mg,_N2 
and  Cr^N.  Chromium  mo^onitride  is  stabler  than  its  lower  nitride 
CrpN,  The  most  stable  in  this  group  is  tne  nitride  Ca^N^. 


In  contrast  to  the  nitrides  of  the  preceding  group  for  the 
enumerated  nitrides  at  100°C  and  above  the  process  of  interaction 
with  carbon  can  be  thermodynamically  probable  (pfT  at  1000°C  £  1  at). 


The  latter  group  of  nitrides  is  composed  of  the  iron  nitrides 
Fe^N  and  Fe2N,  which  are  characterized  by  the  absence  of  any  stability 
in  the  presence  of  carbon  and  at  comparatively  low  temperatures 
(higher  than  500°C)  can  interact  with  carbon.  The  iron  Fe2N  nitride 
is  thermodynamically  unstable  in  the  presence  of  carbon  even  at 
temperatures  of  the  order  of  300° K. 


Thus,  from  a  consideration  of  thermodynamic  data  for  nitride- 
carbon  systems  it  follows  that  at  temperatures,  exceeding  1500°K,  • 
all  examined  nitrides,  with  the  exception  of  Th^N^,  are  thermo¬ 
dynamically  unstable  and  can  intensively  interact  with  carbon.  The 
temperatures  of  the  beginning  of  interaction  (or,  more  exactly,  of 
intense  interaction)  are  different  and  vary  considerably  from  one 
nitride  groun  to  another. 


*».  The  Classification  of  Nitrides 

Analysis  of  the  properties  and  the  electronic  structure  of 
nitrides  makes  it  possible  to  propose  a  classification  for  them  based  on 


unique  principles  [859,  860],  This  classification,  naturally,  ensures 
from  a  classification  of  the  elements  of  the  periodic  system  into 
s-,  ds-,  fds-metals  and  sp-elements  (nonmetals  and  semimetals). 

ThC'  first  class  includes  nitrides  of  electrbpositive  metals 
of  groups  I  and  II  of  the  periodic  system,  the  atoms  of  which  have 
external',  p-electrons  with  completely  vacant  or  completely  filled 
deep-lying  shells  (in  a  state  of  isolated  atoms).  These  nitrides  have 
compositions,  corresponding  to  the  usual  valences,  are  characterized 
hy  the  transfer  by  the  metal  atoms  of  valence  electrons  to  the  nitrogen 
with  the  ’formation  of  stable  s^p  -configurations  by  both  components 
(metal  and,  nitrogen)  or  d10-  and  s2p^-configurations  which  determines 
their  ionic  Character,  manifested  externally  in  hydrolysis  by  the 
liberation  of  ammonia,  high  electric  resistance,  and  semiconductor 
properties.  Along  with  the  strong  and  clearly  expressed  Me-N  ionic 
bonds  these  nitrides  are  also  characterized  by  covalent  component 
of  bonding,  mainly,  between  the  metal  atoms  (in  nitrides)  and  the 
nitrogen,  atoms  (in  azides;).  This  class  of  nitrides  with  respect  to 
the  type  of  chemical  bond  can  be  called  the  ionic-covalent  nitride 
class. 

It  is  necessary  to  note  that  the  relationship  of  these  two 
types  of  bonds  in  the  nitirdes  of  the  indicated  class  differs  rather 
greatly;  for  certain  nitrides  attributes  of  metallic  bonding  also 
appear,  for  example,  for  nitirdes  of  the  alkali  earth  metals. 

The  second  class  includes  nitrides,  formed  with  sp-elements, 
l.e.,  nonmetals  and  semimetals.  For  them  the  formation  by  both 
components  of  stable  sp-configurations  is  characteristic,  which  in 
proportion  to  the  increase  in  their  energetic  stability  are  isolated 
from  each  other  in  an  energetic  regard.  This  causes  the  anpearance 
of  energy  gaps  between  the  nonmetal  and  nitrogen  atoms  and  corres¬ 
ponding  semiconductor  or  dielectric  properties.  Basically  they 
correspond  to  the  usual  valence  formulas;  the  bonds  between  the  atcms 
in  the  crystal  lattices  are  directional,  rigid,  and  of  the  covalent 
type,  -  which  determines  absence’  in  them  of  regions  of  homogeneity. 
This  class  of  nitrides  can  be  called  the  covalent  nitride  class. 
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The  third  class  includes  transition-metal  nitrides  with  fillec 
d-  and  f-electron  shells.  The  nitrides  of  this  class  are  characterized 

by  more  or  less  broad  regions  of  homogeneity,  by  mainly  metallic 
properties,  high  electric  conductivity,  high  melting  points,  and 
hardness.  The  nitrides  of  this  class  are  formed  from  elements  with 
considerable  liberation  of  heat  and  are  the  result  of  such  a  redis¬ 
tribution  of  the  valence  electrons  of  the  metal  and  nitrogen,  which 
leads  to  the  formation  of  the  maximum  statistical  weight  of  atoms, 
possessing  stable  configurations  of  a  localized  part  of  valence 
electrons.  For  transition-metal  nitrides  the  presence  of  a  strong 
covalent  bond  between  the  metal  atoms  is  characteristic,  and  also 
mainly  of  a  metallic  bond  between  the  metal  and  nitrogen  atoms  which 
makes  it  possible  to  include  them  in  the  covalent-metallic  nitride 
class . 

The  range  of  variation  in  the  physical  properties  within  this 
class  of  nitrides  is  extraordinarily  broad.  Along  with  the  mainly 
metal-like  nitrides  within  this  class  there  is  a  group  of  nitride 
phases,  in  which  the  covalent  bond  predominates,  and  a  certain 
fraction  of  ionic  bond  also  appears.  Such  phases  possess  semiconductor 
properties,  but  with  characteristic  properties,  which  are  inferior 
to  the  properties  of  the  typically  covalent  nitrides. 

This  classification  has  an  arbitrary  character,  since  it  is 
impossible  to  draw  sharp  and  clear  boundaries  between  any  classes 
of  nitrides.  The  properties,  the  electronic  structure  and  the 
types  of  chemical  bonding  of  nitrides  vary  discretely,  i.e.,  with 
the  transition  from  nitride  to  nitride  a  single  general  line  and 
direction  of  the  variation  of  the  electronic  structure  and  properties 
exists  corresponding  to  the  same  variation  in  the  properties  of 
chemical  elements,  forming  nitrides  [86l], 


CHAPTER  II 


METHODS  OP  PREPARING  NITRIDES 

The  most  important  methods  of  preparing  nitrides  are:  1)  the 
direct  action  of  nitrogen,  ammonia  or  other  gaseous  nitrogen- 
containing  compounds  on  elements  or  their  hydrides;  2)  the  reduction 
of  oxides  in  the  presence  of  nitrogen,  ammonia;  3)  the  thermal 
dissociation  of  compounds,  containing  a  given  element  and  nitrogen; 

4)  the  precipitation  of  nitrides  from  the  gas  phase. 

The  direct  interaction  of  elements  with  nitrogen  is  accomplished 
by  the  action  of  nitrogen,  ammonia  or  other  gaseous  nitrogen- 
containing  compounds  on  the  powders  of  metals  and  nonmetals  or  on 
solid  metals,  or  on  the  hydrides. 

The  interaction  reaction  between  elements  (3)  and  nitrogen 
is  described  by  the  equation 

23+N.i23N. 

In  spite  of  the  high  dissociation  energy  of  the  nitrogen 
molecule  (225  kcal/raole  [734]),  its  use  for  nitridation  is  more 
preferable  than  ammonia.  This  is  explained  by  the  fact  that  the 
hydrogen  forming  upon  the  dissociation  of  ammonia,  although  it  is 
a  reducing  agent,  removing  f*"'  oxide  films  a  surface,  it  can  form 
with  many  elements,  especially  metals,  relatively  stable  hydrides. 
Thus,  to  remove  the  hydrogen  and  to  replace  it  with  nitrogen  an 
additional  expenditure  of  energy  is  necessary  that  is  expressed  in 
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higher  formation  temperatures  of  nitrides.  For  example,  in  the 
nitridation  of  transition  metals  by  the  action  of  ammonia  complex 
Interstitial  phases  of  nitrogen  and  hydrogen  will  be  formed  in  the 
spaces  between  the  metallic  atoms  [735],  the  so-called  nitridehydrides , 
the  removal  from  which  of  hydrogen  occurs  at  higher  temperatures  than 
from  normal  hydrides.  Thus,  with  the  action  of  nitrogen  on 
zirconium  powder,  zirconium  nitride  ZrN  will  be  formed  in  the 
course  of  1-2  h  at  a  temperature  of  1200° C,  and  when  the  action  of 
ammonia  zirconium  nitride  with  a  saturated  content  of  nitrogen  can 
be  produced  only  after  being  held  for  two  hours  at  l400°C  [178]. 

The  same  was  observed  with  the  use  instead  of  the  metals  of  their 
hydrides. 1  Thus,  at  500-800°C,  when  titanium  hydride  is  rather  stable 
the  nitrogen  content  in  the  nitridation  product  is  two  times  less  than 
in  unhydrided  titanium  powder,  nitridated  under  the  same  conditions. 

At  1000°C,  when  titanium  hydride  noticeably  dissociates,  saturation 
with  nitrogen  occurs  mere  intensively  and  the  maximum  saturation 
with  nitrogen  is  attained  at  1200°C  in  the  course  of  2-4  h,  i.e., 
under  the  same  conditions,  as  for  pure  titanium.  It  follows  from 
this  that  in  general  the  nitridation  of  hydrides  occurs  more  readily 
than  the  treatment  of  pure  metals  with  ammonia,  i.e.,  under  the 
conditions,  when  complex  interstitial  phases  of  the  nitride-hydride 
type  will  readily  be  formed. 

In  many  cases  nitridation  more  perferably  occurs  with  ammonia, 
which  is  able  with  certain  metals  to  form  amides,  which  are  readily 
transformed  in  the  corresponding  nitrides  [6],  Thus,  alkali  metals 
even  at  normal  temperature  and  especially  rapidly  with  heating 
dislodge  one  atom  of  hydrogen  from  the  ammonia  molecule  with  the 
formation  of  amides  of  the  metals 

2  Me  +  2  NH,  -*  2  MeNH*  +  H,. 

The  alkali  earth  metals  form  amides  with  great  difficulty  and 
only  with  heating. 

Upon  heating  the  amides  decompose  with  the  formation  of  nitrides 
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3  NaNHj  ±  NajN  f  2  NH„ 

and  the  amides  of  alkali  metals  decompose  with  much  more  difficulty 
than  those  of  the  alkali  earth  metals. 

The  mechanism  of  a  nitridation  reaction  in  general  reduces  to  the 

diffusion  of  nitrogen  in  the  depth  of  a  metal  or  a  nonmetal  (with 

the  formation  of  a  solid  solution) .  After  achieving  a  definite 

temperature  normal  heterodiffusion  changes  to  reactionary  diffusion 

with  the  formation  of  nitride  phases .  The  formation  rate  of  a  nitride 

is  limited  by  rate  of  the  reaction  and  by  the  diffusional  transmission 

of  nitrogen  through  the  layer  of  an  already  formed  nitride.  The 

mechanism  of  the  nitridation  process  is  analogous  to  the  mechanism  of 

the  oxidation  process  [76],  however,  as  a  rule,  the  rate  of  nitration 

is  less  than  the  rate  of  oxidation.  This  can  be  explained  by  the 

2  ^ 

fact  that  whereas  oxygen,  an  isolated  atom  of  which  has  an  s  p 

configuration  of  valence  electrons,  tends  to  be  filled  to  a  stable 

sp  -configuration  as  the  only  one  possible  (with  transformation  into 
2- 

an  0  ion),  for  a  nitrogen  atom  (the  configuration  of  the  valence 

2  o  2  6 

electrons  is  s  pJ)  there  is  both  the  tendency  to  complete  the  s^p  - 

configuration,  and  also  the  probability  of  giving  up  one  electron 

■3 

with  the  formation  sp  -configurations ,  which  serves  as  a  factor, 
delaying  diffusion  as  compared  to  oxygen  [1070].  For  the  same 
reason  the  reaction  rate  constant  of  nitridation  increases  in 
proportion  to  the  reduction  in  the  statistical  weight  of  the  non- 
localized  electrons  (Table  28)  [178]. 

■  Table  28.  Reaction  rate  constants  of  the 
nitridation  of  powders  certain  transition 
metals,  g/cm3.s. 


Temper¬ 

ature 

°C 

Tl-N 

Zr-N 

V-N 

NV-N 

T*-N 

Cr-N 

500 

1 

5,68-10** 

8.22-10  * 

1,7-ur5 

2,21.10-® 

2,47-10—* 

1,08-10—* 

600 

2,20- 10“* 

4,1.1a-5 

2.95-10—* 

3,79-10-* 

7,28-10“* 

2,51-10-' 

700 

1 .65-10— 5 

6,8.10-* 

3.72.10—* 

8-10“* 

1,58.10-' 

5,27.10-' 

800 

3.3310-5 

8,3-icr5 

5‘,8-lOT* 

i.i-ur** 

i.s-io-3 

3,3910-' 

900 

8.0-1CT5 

5,2-lC-5 

1,8-10-* 

1.4-10— • 

1,1-10-* 

7,21-10—' 

1000 

■8.1  •  10  4 

1.01  -10— 4 

2,3-10  * 

2, 3.10“* 

3,35-10-* 

5,88.10-' 

POO 

7,47.10-* 

i,2- 10-* 

— » 

4,3-10—* 

8,25-lOr* 

6, 28-10— ' 

1200 

7,47-10 r* 

2,2-10-* 

3,71.10-* 

6,11.10-* 

— 

4.55-10-' 
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Consequently,  to  accelerate  the  process  of  nitride  formation 
maximum  pulverization  of  particles  of  the  powder  is  necssaary. 

However,  when  the  tendency  toward  surface  oxidation  exists, 
simultaneously  with  the  pulverization  the  relative  content  of  oxygen 
in  the  powder  ihcreases  and  nitridation  is  hampered.  Thus,  in  each 
individual  case  a  certain  optimum  size  of  particles  should  be 
selected. 

Of  great  importance  is  the  maximum  development  of  the  reaction 
surface  with  the  formation  in  the  process  of  nitridation  of  nitrides 
wish  covalent  type  bonds  and  following  from  this  with  a  low  transfer 
race  of  nitrogen  atoms  (3N,  AIN).  In  this  case  from  the  greatest 
surface  deveopment  special  "linings”  or  "carriers"  are  used  from 
substances,  possessing  a  high  free  surface.  Such  type  of  substances 
include  chalk,  calcium  phosphate  and  many  other  substances,  which 
decompose  upon  heating  with  the  liberation  of  gaseous  components, 
bringing  about  their  intense  loosening,  the  formation  of  a  thin, 
openwork  structure  with  a  high  surface.  The  lining  can  also  be  under 
certain  conditions  the  obtained  nitride  itself  with  the  formation 
by  it  of  very  thin  particles  (for  example,  the  production  of 
aluminum  nitride  by  nitridation  of  aluminum  powder,  mixed  with  a 
nitride;  the  same  in  producing  boron  nitride). 

Analogous  measures  are  taken  in  those  cases,  when  the  temperature 
of  nitridation  is  higher  than  the  melting  point  of  the  metal  and  the 
reaction  surface  is  sharply  limited  by  the  molten  surface,  as  is 
observed  in  obtaining  gallium  and  indium  nitrides .  The  metal  being 
nitriaed  is  mixed  with  a  substance,  which  actively  decomposes  upon 
heating,  for  example,  with  ammonium  carbonate.  Upon  decomposition  of 
the  latter  ammonia  and  C0P  are  liberated,  loosening  and  mixing  the 
melt,  facilitating  the  admission  of  nitrogen;  furthermore,  ammonia 
produces  an  additional  nitriding  effect. 

On  the  other  hand,  the  nitridation  of  certain  relatively  fusible 
metals  upon  the  formation  of  the  molten  metal  occurs  more  rapidly 
than  in  the  solid  state.  Nitridation  moreover  occurs  spasmodically. 
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approximately  at  the  melting  point  of  the  metal.  This  is  explained 
by  the  disturbance  of  (upon  melting  of  the  thinest  and  nitrogen- 
quasiimpermeable)  the  nitride  film.  Obviously,  the  formation  of 
the  nitride  occurs  in  the  short  interval  of  time  of  melting  before 
the  formation  of  a  continuous  surface  of  molten  metal. 

Table  29.  The  value  of  the  ratios  of 
the  heats  of  formation  of  nitrides  to 
the  heats  of  fusion  of  the  corresponding 
metals . 

_  _  :  i  ' 

Property  At .  U  Ce  Ti  Zr  V  Tt  Mo 

Latent  heat  of  fusion 

QmCc£a/8  93  19,4  <3  90  60  80  37  GO 

Heat  of  formation  of 

the  nitride  Q^.oaVa  1820  472  SCO  1350  700  930  308  80 

Qojp/Qn,  19,6  24,3  38,4  15  12,8  11,6  8,4  1,34 

If  the  heat  of  fusion  of  the  metal  being  nitrided  is  substantially 
less  than  the  heat  of  formation  of  the  nitride  (Table  29),  then  the 
reaction  mass  is  sharply  heated,  for  example  in  the  nitridation  of 
metallic  cerium  and  lanthanum,  and  also  aluminum. 

This  factor  also  determines  uhe  high  reaction  rate  and, 
probably,  should  be  considered  in  all  cases  of  nitridation,  when 
on  the  metal  surface  a  quasl-impermeable  (for  gases)  film  forms. 

This  type  of  film  can  be  disturbed  during  nitridation  under  pressure, 
as  is  observed,  for  example,  in  obtaining  aluminum  nitride  from 
aluminum  powder  [590].  Furthermore,  nitridation  under  pressure 
frequently  makes  it  possible  to  intensify  the  process  of  the  formation 
of  nitride  phases  (the  reaction  rate  of  nitridation  increases 
approximately  proportionally  to  the  square  root  of  the  pressure). 

Besides  the  indicated  example  of  the  nitridation  of  niobium  in 
[590],  this  method  was  used  in  the  nitridation  of  niobium  in  [295]. 

The  device  for  the  nitridation  of  niobium  under  pressure  up  to  2^0 
at  is  shown  in  Fig.  29. 

Supernigh  pressures  are  used  only  in  individual  cases,  for 
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example  In  producing  the  cubic  modification  of  boron  nitride 
(borazon)  from  hexagonal  BN  of  the  graphite  type.  For  this  pressures 
of  the  order  of  40-70  thousand  at  are  used  and  equipment,  analogous 
to  the  devices  for  producing  artificial  diamonds. 


Fig.  29.  A  device  for  the  nitridation  of 
niobium  under  pressure:  1  -  steel  pipe; 

2  -  steel  flange;  3  -  steel  cover;  4  - 
sealing  ring;  5  -  connecting  cap;  6  - 
corundum  pipe;  7  -  ceramic  pipe  from  Py¬ 
thagorean  mass;  8  -  molybdenum  band;  9  - 
centering  component  of  brass;  10  -  springy 
copper  plate  for  contact;  11  -  current 
supply;  12  -  Insulating  bushing;  13  - 
current  supply  cable;  14  -  container  with 
the  substance;  15  -  thermocouple  in  a 
protective  tube;  16  -  connecting  cap  with 
lead-in  for  thermocouple;  17  -  platinum 
wire;  18  -  cooling  jacket. 


As  .was  indicated  in  [10473,  of  great  importance  in  the  direct 
nitridation  of  powders  is  the  rate  of  heat  removal  from  the  reaction 
space.  At  a  slow  removal  rate  the  temperature  of  the  sample  is 
sharply  increased  and  the  reaction  rate  of  nitridation  increases, 
i.e.,  thermal  ignition  occurs,  as  a  result  of  which  the  powder  is 
severely  bakeu  or  melted  which,  in  turn,  impairs  gas  permeability 
and  the  conditions  of  nitridation.  It  has  been  established  that  the 


addition  of  nitrides  to  metallic  powders  very  significantly  increases 
their  ignition  point  in  nitrogen,  smooths  the  temperature  effects 
at  the  time  of  ignition,  promotes  improvement  in  the  gas  permeability 
of  the  charge  and  in  the  technological  properties  of  the  intermediate 
and  end  products  of  nitridation. 
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The  production  of  nitrides  of  refractory  metals,  aluminum  and 
magnesium  by  the  nitridation  of  powders  under  industrial  conditions 
[843]  was  carried  out  by  the  continuous  method,  i.e.,  with  the 
continuous  supply  of  powder  into  the  heating  zone  of  the  furnace 
in  an  atomized  (suspended)  state.  This  makes  it  possible  to  increase 
by  approximately  50  times  the  productivity  of  the  furnaces  as 
opposed  to  periodic  loading,  and  also  to  obtain  nitrides  not  in 
form  of  sintered  masses,  but  in  form  of  powders  which  practically 
eliminates  subsequent  pulverization  and  makes  the  process  less 
expensive. 

Recently  attempts  have  been  made  to  obtain  nitrides  by  the 
atomization  of  metals  in  a  plasma  stream  with  the  application  of 
nitrogen.  Thus,  in  [950]  magnesium  and  titanium  nitrides  were 
synthesized  by  treating  metals  in  a  plasma  stream  of  nitrogen.  The 
obtained  products  contained  30-40$  of  the  corresponding  nitrides. 

With  the  analogous  treatment  of  tungsten  and  molybdenum  nitrides 
will  not  be  formed.  In  principle  the  same  method  can  be  used  to 
obtain  complex  nitrides  -  in  treating  borides  by  a  plasma  stream 
metal  nitrides  or  boronitrldes  will  be  formed:  complex  compounds 
with  nitrogen  with  the  treatment  of  silicides  and  carbides  will 
also  be  formed  [951,  952]. 

The  reduction  of  oxides  in  the  presence  of  nitrogen  with  the 
formation  of  nitrides  occurs  according  to  the  reaction 

MeO  f  Me (X)  +  N,  -•»  MeN  +  MeO(XO), 

where  Me  is  the  metal-reducing  agent,  X  is  the  nonmetallic  reducing 
agent  (carbon,  silicon,  boron,  etc.). 

The  usual  reducing  agent  is  carbon.  However,  in  the  reduction 
of  oxides  of  carbide-forming  metals  along  with  a  nitride  a  carbide 
will  also  be  formed,  which  can  yield  with  the  nitride  a  continuous 
series  of  solid  solutions,  as  occurs  in  the  production  of  titanium 
nitride,  where  the  solid  solution  TiN  —  TiC  (or  TIN  —  TiC  —  TiO)  will 


be  formed  [110],  This  limits  the  possibilities  of  using  the  method 
mainly  to  the  production  of  technical  nitrides,  if  the  contamination 
by  carbon  does  not  substantially  affect  their  subsequent  use. 

The  peculiarities  of  producing  nitrides  by  the  reduction  of 
metal  oxides  with  carbon  with  simultaneous  nitridation  ^ere  investi¬ 
gated  using  as  an  example  titanium  and  niobium  nitrides  [10^7],  It 
was  demonstrated  that  with  an  increase  in  temperature  and  a  reduction 
in  the  nitrogen  pressure  the  carbide  content  in  MeC  —  MeN  equilibrium 
solid  solutions  is  increased.  Thus  for  the  production  of  titanium  and 
niobium  nitrides,  minimumally  contaminated  with  carbon,  it  is 
necessary  to  carry  out  the  reactions  at  the  lowest  possible  tempera¬ 
tures  and  at  increased  nitrogen  pressures.  A  substantial  effect  on 
the  rate  of  reduction  and  nitridation  is  rendered  by  the  diffusion 
of  carbon  monoxide  and  nitrogen  into  the  pores  of  the  compressed 
charge  (the  degree  of  this  effect  depends  on  the  radius  of  the  pores 
and  the  geometric  dimensions  of  the  briquets  of  the  compressed 
charge).  The  restoration  reaction  of  a  metal  oxide  with  carbon  and 
the  saturation  of  the  reduced  metal  with  nitrogen  occurs  mainly 
within  the  pores  of  the  charge,  i.e.,  it  is  connected  with  the 
removal  of  the  carbon  monoxide  and  with  influx  of  nitrogen  to  the 
site  of  the  reaction.  If  the  rate  of  circulation  of  carbon  monoxide 
and  nitrogen  in  the  pores  is  greater  than  the  rate  of  the  reaction, 
then  efficient  reaction  rates  will  occur.  The  delayed  diffusion  of 
carbon  monoxide  and  low  nitrogen  pressure  which  delays  the  formation 
reaction  of  the  nitride,  and  shifts  it  in  the  direction  of  the 
formation  of  carbide.  It  has  been  established  that  the  mechanism  of 
the  transfer  of  carbon  monoxide  and  nitrogen  into  the  pores  of  the 
charge  and  the  intermediate  reaction  products  is  determined  by  a 
Kr.udsen  regime,  for  which  a  small  diameter  of  the  pores  as  compared 
to  the  length  of  the  free  path  of  the  molecules  is  characteristic, 
and  also  a  low  coefficient  of  diffusion,  as  a  result  of  which  a 
large  gradient  of  pressures  of  carbon  monoxide  and  nitrogen  is 
created  with  respect  to  the  cross  section  of  the  briquet  of  the 
charge.  Under  Knudsen  conditions  the  flow  of  molecules  through  a 
capillary  with  length  Ax  and  radius  r  is  described  by  the  equation 
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dn  _  _8  . _ nr*  _Ap 

*  “  AT* 

where  dn/dt  is  the  molecular  flow  per  second;  m  is  the  molecular 
mass;  K  is  the  Boltzmann  constant;  T  is  the  temperature  Ap/Ax  is  the 
pressure  gradient  in  a  pore. 

The  calculated  values  of  the  radius  of  pores  of  the  initial 
compressed  charges  in  producing  titanium  and  niobium  nitrides 

were  equal  to  400-500  A  with  an  overall  porosity  of  47  %  and  the 
calculated  radii  of  the  pores  of  the  intermediate  reaction  products 

O 

are  within  the  limits  of  3000-5000  A  with  overall  porosity  of  60-80$, 
where  with  an  increase  in  reaction  time  the  values  of  radii  of  the 
pores  and  total  porosity  increase.  Proceeding  from  this,  it  was  shown 
that  the  flow  rate  of  molecules  of  carbon  monoxide  and  nitrogen  in  the 
pores  of  the  intermediate  and  end  reaction  products  at  identical 
gradients  of  pressures  was  several  orders  greater  than  in  the  pores 
of  the  initial  charge.  Due  to  the  low  rate  of  Knudsen  molecular 
flow  in  the  pores  of  the  initial  charge  in  the  first  reaction  stage 
the  greatest  partial  pressure  of  carbon  monoxide  is  created  and 
the  reaction  is  slowed  down,  and  the  external  crust  of  the  inter¬ 
mediate  product  or  nitride  formed  during  the  reaction  on  the  surface 
of  the  briquet  practically  does  not  create  an  additional  gradient 
of  pressure,  and  the  reaction  front  with  the  passage  of  time  shifts 
toward  the  center  of  the  briquet,  i.e.,  the  reaction  does  not  proceed 
with  respect  to  the  whole  volume  simultaneously,  but  shifts  from 
the  periphery  to  the  center,  where  the  rate  of  increase  in  the  thick¬ 
ness  of  the  nitride  crust  (layer)  obeys  the  linear  law  Ax  =  kx, 
where  x  is  time. 

A  calculation  of  the  equilibrium  and  kinetic  peculiarities  of 
the  course  of  reduetions-nitridation  reactions  makes  it  possible  to 
establish  the  optimum  conditions  for  producing  of  titanium  and  niobium 
nitrides  which  are  respectively,  temperatures  of  1250  and  l400°C, 
a  nitrogen  pressure  of  4*10')  N/m  ,  a  nitrogen  flow  rate  of  0.1'8  m/s, 
a  heating  period  of  3  and  4-5  h  (for  charges,  granulated  into  pellets 
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with  a  diameter  of  13  mm).  The  niobium  and  titanium  nitrides, 
obtained  under  these  conditions,  contain  respectively,  12.9  and  21.5$ 
nitrogen  with  the  absence  of  carbon  in  the  niobium  nitride  and  a 
nitrogen  content  of  0.5-0. 7$  in  the  titanium  nitride. 

As  a  reducing  agent  not  only  carbon  and  other  nonmetals  are 
used,  but  also  metals  -  calcium,  magnesium  or  their  hydrides.  The 
authors  [192]  developed  methods  of  producing  titanium,  zirconium  and 
tantalum  nitrides  according  to  the  following  schemes 

TiO.  (ToA)  -f  CaH,  -  Ti  (Ta)  *  H.O  +  CaO, 

2Ti  (Ta)  +  Ns (2NHa)  -  2TiN(TaN)  f  (3HJ 

or 

ZrO.  -f  2Mg  -Zr-f  2MgO, 

2Zr  —  N,(NH,)  -*  2ZrN  -f  (H*). 

This  method  was  analyzed  in  detail  with  respect  to  the  producing 
of  zirconium  nitride  [251].  Certain  difficulties  of  its  use  are 
shown,  connected  with  the  fact  that  in  proportion  to  the  reduction 
of  zirconium  dioxide  by  magnesium  and  the  transition  in  the  region 
of  the  solid  solution  of  oxygen  to  zirconium  level  of  the  binding 
energy  substantially  increases  and  the  removal  of  the  remaining 
oxygen  requires  the  selection  of  a  corresponding  regime  of  the 
reduction  and  its  careful  control.  The  reduction  process  passes, 
apparently,  through  the  stage  of  the  formation  of  magnesium  nitride 
Mg3N2. 

The  reduction  temperatures  of  oxides  with  the  use  of  metals  or 
their  hydrides  as  reducing  agents  are  usually  800-1200° C;  for  carbon 
they  are  higher  (for  example,  for  the  formation  of  titanium  nitride  — 
l600-1700°C) . 

In  certain  cases  the  reduction  of  oxides  with  the  formation  of 
nitrides  is  accomplished  directly  with  ammonia,  the  hydrogen 
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of  which  plays  the  role  of  the  reducing  agent.  For  example,  by  this 
method  it  is  possible  to  produce  copper  nitride 

3Cu,0  +  2NH,  -  2Cu,N  +  3HsO. 

According  to  [102*1],  there  is  indicated  the  possibility  of  a 
sharp  reduction  in  reduction  temperatures  and  nitridation  temperatures 
with  the  use  of  freshly  precipitated  hydroxides,  which  are  treated 
with  mixtures  of  ammonia  and  hydrogen. 

Thermal  dissociation  is  carried  out  with  the  application  of 
compounds,  simultaneously  containing  a  metal  and  nitrogen.  Thus 
aminochlorides  can  be  used,  for  example 

TiCl«-4NHj  -  TiN  4-  NH,  +  HC1 

or  complex  ammonium  fluoride  compounds  of  the  type  (NHh)  MeF  [27*1], 

h  x  y 

upon  the  decomposition  of  which  (at  300-800°C)  corresponding  nitride 
phases  will  be  formed.  This  method  makes  it  possible  to  produce  the 
nitrides  AIN,  VN,  NbN,  Ta^N^,  CrN,  U^N^,  Fe2N,  however  manganese, 
beryllium,  zinc,  titanium,  zirconium  nitrides  either  cannot  be 
produced  by  this  method  or  they  can  be  with  difficulty. 

Since  a  metal  enters  into  the  composition  of  compounds  already 
in  the  ionized  state,  then  with  delicate  decomposition  frequently 
nitrides  will  be  formed,  approaching  the  composition,  which  is 
determined  by  the  ionic  bonding  components  of  these  compounds.  This, 
in  particular,  was  observed  in  the  formation  of  titanium  nitride 
from  aminochlorides,  when  it  was  possible  to  obtain  tne  nitride 
of  the  composition  TiN-^  ^g,  and  also  in  the  preparation  of  tantalum 
nitride  from  (NH^ ^TaF^ ,  which  leads  to  the  formation  of  Ta^N^.  In 
the  direct  nitridation  of  metals  the  formation  of  these  types  of 
metastable  phases  with  hypertrophied  fractions  of  an  ionic  bonding 
is  practically  never  observed. 

Included  in  this  group  of  production  methods  is  the  thermal 
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decomposition  of  amides  and  imides,  described  above,  and  al$$?-the 
thermal  dissociation  of  the  higher  (with  respect  to  nitrogen  content) 
nitride  phases  with  the  formation  of  the  lower  ones.  It  is  necessary 
to  note  that  in  the  latter  case  it  is  fairly  difficult  to  produce  a 
nitride  of  a  definite  phase  composition,  l.e.,  pure  nitride  phases 
without  impurities  of  the  higher  phases  (in  case  of  transition-metal, 
the  highest  nitrides  of  the  nontransition  metals  -  azides  -  decompose 
with  the  formation  of  phases  of  a  strictly  definite  composition). 

The  precipitation  of  nitrides  from  the  gaseous  phase  was  used 
long  ago  in  diverse  variants,  and  at  the  present  time  is  acquiring 
especially  great  importance  in  connection  with  the  possibility  of 
producing  in  this  manner  single-crystal  and  pure  nitrides. 

An  example  of  this  method  is  the  interaction  of  chlorides  or 
oxychlorides  of  metals  with  ammonia,  which  can  be  represented  by  the 
followihg  schemes: 

MeC!«  +  NH,  -  MeN  f  HC1. 

McOC!,  +  NH,  -  MeN  +.H,Q  +  HCI. 

These  reactions  usually  occur  at  temperatures  of  the  order 
of  800°C.  In  this  manner  titanium  [736],  vanadium  [737],  chromium 
and  other  transition  metal  nitrides  are  obtained  [257]. 

Below  (Table  30)  the  conditions  of  the  precipitation  of  nitrides 
with  the  interaction  of  chlorides  with  a  nitrogen-hydrogen  mixture 
are  given. 

Table  30.  Conditions  of 
the  precipitation  of  ni¬ 
trides  from  the  gaseous 
phase . 


Ni¬ 

tride 

Initial 

chloride 

Ni  tridint; 
agent 

Precipitation 

temperature, 

BC 

TIN 

TiCl, 

3N.+H, 

1100-1700 

ZrN 

ZrCl, 

.  3N.+H. 

li  00-2700 

ZrN 

ZrCI, 

N, 

2600— 3000 

HfN 

H(CI4 

3V,+H, 

1100-2700 

VN 

vet. 

3N.+H. 

1100-1600 

TaN 

TaClj 

N, 

2400—2600 
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A  thermodynamic  investigation  Of  the  conditions  of  the  precipita 
tion  of  nitrides  from  the  gaseous  phase  and  for  the  precipitation  of 
titanium  nitride  by  iron  was  conducted  [1571. 

TiCU  4-  l/t  Nj  TiN  +  2C1*,  (II.l) 

TiCI*  +  2H»  +  VjN*  £  TiN  +  4HC1.  ( 1 1 . 2 ) 

TiCi4  +  2  Fe  f  */«  N,  2  TiN  +  2FeCI,.  ( 1 1 . 3 ) 

The  dependence  of  the  decrease  in  free  energy  on  temperature  is 
expressed  by  the  corresponding  equations 


AFj-  96100  -  6.77*. 

AF,  —  7500  —  13.457*. 

AFt  -  51300  -  34,2?. 

The  completeness  of  the  course  of  reactions  (II.l)  and  (II. 2) 
increases  with  an  increase  in  the  temperature  of  precipitation; 
reaction  (II. 3)  above  1100°C  becomes  inefficient. 

The  preparation  of  articles  from  nitrides  in  principle  is 
possible  by  various  methods,  of  which  the  basic  ones  are:  1)  the 
sintering  of  intermediate  products,  compressed  from  previously 
produced  nitride  powders;  2)  the  hot  compressing  of  nitride  powders; 
3)  reaction  sintering;  4)  the  casting  of  articles  from  nitrides. 

The  sintering  of  Intermediate  products,  compressed  from  a 
nitriue  powder,  can  be  accomplished  in  a  nitrogen  medium,  nitrogen- 
containing  reducing  gases  or  in  u  vacuum.  In  the  latter  case  a 
certain  loss  of  nitrogen  occurs  (of  the  order  of  several  tenths  of  a 
percent),  however  at  definite  temperature  regimes  this  loss  can  be 
reduced  to  a  minimum  with  the  simultaneous  producing  of  sufficiently 
dense  (a  porosity  of  0-2/5)  articles  [232].  Titanium,  zirconium, 
vanadium,  niobium,  tantalum  nitrides  vary  little  with  sintering  in 
vacuum;  on  the  contrary,  chromium  and  molybdenum  nitrides  lose 
considerable  amounts  of  nitrogen  in  a  vacuum  and  it  is  not  possible 
tc  sinter  them  in  this  way.  The  best  results  are  obtained  by  sinter¬ 
ing  m  a  protective  nitrogen  medJ  *m. 
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The  hot  compressing  of  nitride  powders  gives  satisfactory 
results,  however  a  sintered  article  in  the  case  of  the  use  of  the 
usually  employed  graphite  molds  is  considerably  contaminated  with 
carbon  and  special  measures  are  required  to  prevent  this  contamination 
(the  use  of  nonconducting  molds  of  nitrides,  the  thorough  coating 
of  the  internal  surface  of  the  molds  with  boron  or  aluminum  nitride, 
etc. } . 

Hot  compressing  should  be  carried  out  in  a  protective  (containing 
nitrogen)  or  a  neutral  (argon)  gaseous  environment  [232]. 

Reaction  sintering  -  the  combination  of  the  processes  of  nitride 
formation  and  their  sintering  -  frequently  gives  the  most  favorable 
results  [7^0],  In  this  case  due  to  the  formation  of  new  phases  and 
the  increased  activity  of  the  atoms  or  atomic  complexes  the  processes 
leading  so  shrinkage  and  compaction  of  the  articles  as  compared  to 
ordinary  sintering  of  the  preliminarily  compressed  intermediate 
products  from  the  powders  of  the  previously  produced  compounds  are 
sharply  intensified.  The  specific  volume  of  the  phase  formed  during 
nitridatior.  is  larger  than  the  specific  volume  of  the  original  metal 
which  leads  to  a  reduction  in  the  porosity  of  the  sintered  inter¬ 
mediate  produce  due  bo  the  purely  volume  factor.  From  a  comparison 
of  the  atomic  volumes  of  metals  and  the  molecular  volumes  of  the 
nitrides  (Table  31)  it  follows  that  the  increase  in  volume  is 
usually  considerable,  and  if  it  does  not  exceed  the  porosity  cf 
the  intermediate  products  compressed  from  the  metallic  powder,  then 
it  is  necessary  to  compact  a  briquet. 

However  reaction  sintering  alone  does  not  make  it  possible  to 
produce  sufficiently  low  residual  porosity  (it  is  usually  not  lower 
than  10-15?)  which  is  result  of  strong  forces  pushing  apart,  caused 
by. the  formation  of  new  phases  (according  to  Raub  and  Plate  [738]). 
Therefore  after  reaction  sintering  additional  sintering  is  necessary 
with  hot  pressing  [739],  which  leads  to  the  production  of  articles 
with  low  residual  porosity.  During  hot  pressing  contamination  of 
the  article  occurs  due  to  the  material  of  the  mold,  since  the 
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possibilities  of  the  penetration  of  these  impurities  into  a 
preliminarily  sintered  briquet  sharply  are  reduced  as  compared  to 
hot  pressing  of  a  powder.  In  Table  32  the  recommended  regimes  of 
operation  [739]  are  give  for  this  double  process  -  reaction  sintering 

with  subsequent  hot  pressing. 

Table  31.  A  com¬ 
parison  of  the 
atomic  volumes  of 
metals  and  the 
molecular  volumes 
of  their  nitrides. 
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+49.3 
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+45 

Table  32.  Conditions  of 
producing  compact  samples. 
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For  activation  of  the  sintering  process  of  nitride  powders,  in 
particular  during  hot  pressing,  small  metallic  additives  are  some¬ 
times  introduced  into  their  composition,  which  create  the 
possibility  of  recrystallization  of  the  particles  through  liquid 
phase  and  after  this  are  partially  removed  evaporation  at  high 
sintering  temperatures.  An  example  of  this  is  the  sintering  of 
articles  from  uranium  nitrides. 

Regarding  the  casting  of  articles  from  nitrides,  it  practically 
is  not  used,  with  the  rare  exception,  for  example,  of  producing 
articles  from  uranium  nitrides. 
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CHAPTER  III 

METAL  NITRIDES  OP  GROUP  I  OP  THE  PERIODIC  SYSTEM 

1 .  Nitrides  of  the  Alkali  Metals 

Lithium  nitrides.  Ir  the  lithium-  nitrogen  system  there  has 
been  established  the  existence  of  a  nitride  of  the  composition 
Li^N;  there  are  separate  indications  about  the  existence  of  the 
nitride  (azide)  LiN^  [1].  The  compound  Li^N  supposedly  forming  dur¬ 
ing  the  action  of  nitrogen  on  the  nitride  Li^N  was  not  confirmed 
with  the  carrying  out  of  this  reaction  in  work  [2],  The  phase 
diagram  of  the  lithium-nitrogen  system  was  investigated  in  [3]  only 
for  the  Li-Li^N  section  (Fig.  30).  In  this  work  it  was  not  possible 
to  establish  the  nature  of  interaction  for  the  section,  directly 
adjacent  to  lithium.  An  investigation  was  carried  out  with  alloys 
somewhat  contaminated  by  iron  which,  in  the  opinion  of  the  authors, 
caused  a  reduction  in  the  melting  point  of  the  nitride  to  8l5°C 
(instead  cr  the  value  frequently  mentioned  in  literature  -  845°C). 


Fig.  30.  A  section  of  the  phase 
diagram  of  the  lithium-nitrogen 
system. 


The  usual  method  of  preparing  lithium  nitride  Li^N  is  the 
action  of  nitrogen  on  metallic  lithium  in  the  cold  state  or  with 
heating  [24].  Dafert  and  Miklauz  [4]  established  that  lithium 
nitride  will  be  formed  by  the  action  of  dry  nitrogen  on  lithium 
during  the  course  of  several  hours.  Upon  heating  the  reaction  is 
accelerated  and  occurs  especially  energetically  at  a  temperature  of 
450-460°C  (it  is  accompanied  by  combustion)  [1.5-9].  In  work  [14] 
Li^N  was  also  produced  by  the  interaction  of  lithium  with  nitrogen 
at  a  temperature  of  450° C.  Prankenburger  [10],  who  investigated 
kinetics  of  the  interaction  of  lithium  with  nitrogen,  determined 
that  the  rate  of  reaction  depending  upon  temperature  is  either  in 
the  kinetic,  or  in  the  diffusion  region.  Klinayev  studied  this 
question  most  completely  [11],  his  results  makes  it  possible  to 
attribute  the  nitridation  reaction  of  lithium  to  topokinetic 
reactions,  characterized  by  a  sharp  phase  border  between  the  initial 
and  the  newly  forming  phases.  The  reaction  kinetics  of  the  nitrida¬ 
tion  of  lithium  at  a  temperature  of  25°C  is  described  by  the 
Koimogorov-Yerofeyev  topokinetic  equation, 

O  =3  1  — 

where  a  is  the  portion  of  reacting  substance  to  time  x,  k  is  a 
contant,  n  is  integral  index. 

The  formation  rate  of  the  nitride,  according  to  [11],  is 
substantially  affected  by  additives,  for  example  in  nitridation  at 
25°C  the  addition  of  potassium  (0.18$)  to  lithium  accelerates  the 
reaction,  but  the  additions  of  magnesium  (1.13$)  or  aluminum  (0.53$) 
retard  it.  Sodium  (1.45$)  and  calcium  (0.38$)  impurities  do  not 
noticeably  affect  the  formation  rate  of  lithium  nitride. 


Oxygen  and  hydrogen  are  inhibitors  of  the  interaction  reaction 
of  lithium  with  nitrogen.  Thus,  the  presence  in  nitrogen  more  than 
14  vol.$  of  oxygen  or  more  than  3.5  vol,$  of  hydrogen  completely 
prevents  nitridation,  irrespective  of  the  purity  of  the  original 
metal. 
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According  to  [10593,  it  is  recommended  that  lithium  nitride 
be  produced  by  the  action  of  nitrogen  on  lithium  under  pressure 
for  a  period  of  1-2  h.  The  temperature  is  gradually  increased  to 

170-175°C,  the  pressure  of  the  nitrogen  -  to  6-8  at;  they  are  held 
under  these  conditions  for  4-6  h,  after  which  the  product  is  cooled 
and  unloaded.  The  yield  of  lithium  nitride  is  98-995?;  the  ratio 
of  the  Li :N  content  in  the  obtained  nitride  is  3.0  ±  0.1;  the  nitride 
is  produced  in  the  form  of  dark-red  or  brown  plates;  the  melting 
point  is  845°C;  the  density  at  20°C  is  1.390  g/cm3  (see  also  [1071]). 

Under  the  effect  of  air  on  lithium  a  mixture  of  nitride  (755?) 
and  oxygen  compounds  of  lithium  of  indefinite  composition  will  be 
formed  [12].  The  impurities  in  lithium  have  a  substantial  effect 
on  its  interaction  rate  with  air  at  a  temperature  of  20°C  (Pig.  31). 
An  increase  in  atmospheric  humidity  (Pig.  32)  and  temperature  also 
increase  the  nitridation-oxidation  rate.  Above  o0°C  the  stability 
of  lithium  with  respect  to  air  increases  (with  the  presence  of 
a  protective  film,  consisting  mainly  of  lithium  nitride). 


Fig.  31. 


Fig.  32. 


Fig.  31.  The  effect  of  impurities  on  the  interaction 
of  lithium  with  air. 


Fig.  32.  The  interaction  of  lithium  with  air  of 
various  humidity:  1  -  humidity  1005?;  2  -  humidity 
50? ;  3  -  humidity  30%;  4  -  dry  air. 


The  lithium  nitride,  produced  by  the  interaction  of  lithium 


with  nitrogen  at  a  temperature  of  450-460°C,  is  a  porous  substance 
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from  blue-black  to  violet-black  in  color,  sometimes  in  transient 
light  having  a  ruby-red  color  (mixture  of  Li^N  and  L^O  have  the 
same  color) . 

Lithium  nitride  has  a  hexagonal  structure  with  the  lattice 
constants,  given  in  Table  34. 

Lithium  nitride  changes  rapidly  in  air  (therefore  it  is  stored 
in  a  nitrogen  medium);  under  the  effect  of  water  it  decomposes  with 
the  formation  of  hydroxide  and  ammonia 

Li,N  f  3HjO  -v  3LiOH  +  NHa. 

Upon  heating  in  hydrogen  lithium  nitride  is  converted  to 
lithium  hydride  with  the  formation  of  ammonia.  The  reaction  passes 
through  intermediate  stages  with  the  formation  of  the  amide  LiNH2 
and  the  imide  LigNH.  Upon  heating  to  a  temperature  of  800°C  it 
corrodes  iron,  nickel,  copper,  platinum,  quartz  and  porcelain  [13]. 

With  nitrides  of  other  metals  lithium  nitride  yields  compounds 
of  the  Li^N'MeN  type  [236].  The  interaction  of  lithium  nitride  with 
nitrogen  at  temperatures  of  400-500°C  and  at  pressure  of  300  at  does 
not  lead  to  the  formation  of  the  highest  lithium  nitrides  [2]. 

In  work  [241]  the  solubility  of  lithium  nitride  in  molten  salts 
was  studied  (Table  33). 


Table  33.  The  solubility  of 
Li^N  in  molten  salts. 


i;  Mol  tan  salt 

# 

Tempera¬ 
ture, °C 

ti2N,  solu- 
moles  par  1 
mole  or  mol¬ 
ten  salt 

KCl  —  58,3  mole  H  UC1 
L1CI,  —  28  mole  H  LIF 

r  L1CI 

i  LiCl  —  23  mole  %  L1F 

—  21  mol  a  %  LIH 

i  l  UBr 

495-635 

535-610 

620-695 

495-585 

590-665 

0,063-0,080 

0,161-0,220 

0,128-0,168 

0,175-0,236 

0,11-0,126 
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At  temperatures  up  to  360°C  lithium  nitrjde  practically  does 
not  conduct  an  electric  current,  but  with  an  increase  in  temperature 
to  about  550°C  its  electric  conductivity  rapidly  increases  [1*1], 
where  within  the  limits  of  350— 5^1 9° C  the  curve  of  the  dependence  of 
k  u.i  1/T  consists  of  two  segments,  intersected  at  a  point,  correspond 
ing  to  temperature  14 4 6° C ,  and  k  =  12.3,10'*^  Q“1'cm“'L.  The  tempera¬ 
ture  dependence  of  electric  conductivity  is  described  by  the  express¬ 
ion  k  =  5.28-I0"2  exp  (-6196/T)  +  4.3  *  107  exp  (-23JOO/T), 
characteristic  for  ionic  conductivity.  Upon  the  electrolysis  of 
Li^N  at  480-550°C  lithium  is  deposited  on  the  cathode,  nitrogen  is 
given  off  at  the  anode,  but  on  the  electrodes  an  emf  of  polarization 
appears  which  proves  the  presence  in  Li^N  of  the  ion  N  .  The  basic 
properties  of  lithium  nitride  are  given  in  Table  34. 


Table  34.  The  properties  of  nitrides  and  azides  of  the  alkali 
metals . 


Characteristic 

LliN 

LiN, 

Na.N 

1 

NaN, 

K,N 

1 

KN.  j 

Rti,N 

RUN, 

!  Cj,N 

1 

j  0*N, 

Nitrogen  content, 

40,22 

65,82 

16,88 

64,64 

10,67 

51,80 

5,18 

i 

32,96 

3,39 

24,02 

weight,  # 

Crystal  structure 

Hexagonal 

) 

Rhombo- 

Hoxa* 

Tetra¬ 

Tetra¬ 

Tatra* 

hedral 

gonal 

gonal 

gonal 

gonal 

Lattice  constants,  kX 

a 

3,638 

— 

— 

5.488 

— 

.6.09'. 

— 

0,36 

ipe 

c 

3,882 

— 

— 

_ 

— 

7,058 

— 

7,41 

— 

_ 

c/a 

1.061 

i  __ 

— 

_ 

— 

1,158 

— 

1,165 

— 

a° 

— 

|  - 

— 

38°43' 

— 

— 

— 

— 

Specific  gravity 

1.28 

— 

1,846 

1,838 

— 

2.056 

2,788 

— 

Melting  noii.t, 

845 

— 

343 

321 

j  -  ! 

326 

: 

decomposition  temper¬ 

j 

1 

ature,  OC 

300 

275 

— 

355 

395 

— 

1  390 

Meat  of  formation. 

-49,5 

2.6* 

—3,6* 

5,1* 

20* 

-0,3* 

43* 

-0,1* 

75* 

-2.4* 

kcal/mole 

die  at  oapacity, 

11. 73+23, 0-10-»T 

— 

19,1 

— 

— 

_ 

— 

_ 

_ 

_ 

cal/g«deg 

Lattice  energ/. 

$73— 373°  K) 

kcal/mole* 

? vdo  energy, 

1221 

194 

1127 

175 

'  1005 

l 

!57 

964 

152 

911 

146 

kcal/mole 

5.  -37 

— 

— 

— 

i 

1  ~ 

— 

1 

— 

i 

1  ~ 

‘Calculated  data  according  to  [lCl'j. 


Sodium  nitride.  In  contrast  to  lithium  sodium  interacts  only 
with  nitrogen,  transferred  to  the  atomic  state  by  an  electric 
discharge,  by  the  inadiation  of  sodium  vapors  in  a  nitrogen  atmo¬ 
sphere  [151,  or  by  the  action  of  nitrogen  on  sodium  hydride  [93* 

In  both  cases  a  nitride  of  the  composition  Na^N  is  obtained. 
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The  azide  of  sodium  NaN^  has  been  more  studied,  forming  by  only 
indirect  means  [15,  16],  The  nitride  NaN^  is  produced  by  passing 
notrous  oxide  over  molten  sodium  amide 

2  NaNH,  +  N,0  -  NaN,  +  NaOH  +  NH,. 

This  reaction,  according  to  [9],  occurs  at  a  temperature  of 
100-l60°C  in  the  course  of  9.5  h  with  a  yield  of  about  90%.  The 
NaNg  will  also  be  formed  by  the  following  reactions 

NaNO,  f  3  NaNH,  -  NaN,  +  3  NaOH  +-  NH,  (175°C), 

N,H*  •  H,0  +  C,H8NO,  +  NaOH  -*  NaN,  +  C,H,OH  +  3  H,0, 

Na  +  NH4N3  +  NH,  ( 11^; NaN,  +  2  NH,  +  H. 


Sodium  nitride  Na^N  is  stable  at  room  temperature,  in  air  and 
in  hydrogen  it  is  decomposed  by  water;  upon  heating  to  300°C  it 
dissociates;  it  reacts  readily  with  chlorine,  phosphorus  and  sulfur. 
Dilute  acids  decompose  the  nitride  with  the  formation  of  ammonia 
and  the  corresponding  sodium  salts. 

Sodium  azide  NaN^  is  white  nonhygroscopic  substance;  at  room 
temperature  it  dissolves  in  water  with  the  formation  of  an  electric 
conducting  solution  (at  17°C  in  100  parts  H20  4l,7  parts  NaN^  is 
dissolved)  [15,  24].  At  high  temperatures  NaN^  is  decomposed  by 
water  according  to  the  scheme 

3  NaN,  -f  3H.O-3  NaOH  +  NH,  f  4N,. 

It  dissolves  in  nonaqueous  solvents:  gasoline,  alcohol, 
benzene.  In  100  parts  of  nonaqueous  alcohol  at  16°C  0.315  g  of 
NaN^  is  dissolved,  at  0°C  -  0.22  g  of  NaN^. 

Upon  heating  to  270°C  NaN^  is  decomposed  without  melting. 

In  work  [22]  the  azide  single  crystals  NaN-,  were  studied. 

Single  crystals  with  dimensions  of  4  x  6  x  1  mm  were  produced  in  a 
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special  convection  tube.  A  study  of  the  hands  of  double  refraction 
of  single  crystals  shewed  that  they  Intersect  at  an  angle  of  120° 
and  represent  a  plane  in  the  crystal  at  a  certain  angle  to  axis  c 
with  an  index  (110). ^  The  appearnace  of  the  planes  is  connected 
with  the  phenomena  of  slip,  a  combination  of  slip  and  twinning, 
multiple  twinning. 

7 

Irradiation  with  y-rays  at  a  dose  of  10  R  causes  the  appearance 
of  deep  grooves  along  these  lines  of  intersection,  and  also  pyramidal 
etching  pits. 

A  survey  of  the  properties  of  sodium  nitride  and  azide  can  also 
be  seen  in  [1017]. 

Potassium  nitrides.  Analogous  to  sodium  potassium  does  not 
interact  with  molecular  nitrogen  even  under  pressure  or  at  high 
temperatures  [151-  With  the  action  on  potassium  of  nitrogen, 
activated  by  an  electric -discharge ,  two  compounds  of  potassium  with 
nitrogen  will  be  formed:  the  nitride  K^N  and  the  azide  KN^ ,  where 
the  nitride  will  be  formed  in  considerably  smaller  quantities 
than  the  azide  [15]. 

The  usual  method  of  producing  potassium  nitride  is  by  heating 
potassium  hydride  KH  in  a  stream  of  nitrogen  [6,  9],  and  also  by 
heating  of  potassium  azide  in  a  vacuum  [16]. 

Potassium  azide  KN^  is  produced  by  the  effect  of  potassium  on 
a  solution  of  NK^N^  in  liquid  ammonia  according  to  the  reaction 
[17,  15] 

K  -h  NH»N,  -  KN,  +  NH,  f  1/2H,; 

with  the  action  of  KNO^  on  liquid  ammonia  [18,  15] 

KNO,  R  ?.  NH,  -*  KN,  +  3  HA 
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by  passing  nitrous  oxide  at  270-280°C  over  potassium  amide  [19,  20, 
15] 


2  KNH,  +  NsO  -  KM,  +  NH,  +  KOH. 

In  the  latter  case  the  azide  KN^  will  be  formed  with  a  high 
yield. 

The  nitride  K^N  will  be  formed  from  the  elements  by  an  exothermic 
reaction.  Upon  heating  with  nitrogen  or  mercuric  oxide  potassium 
nitride  loses  nitrogen  and  reacts  with  water  to  KOH  and  NH^  [9]; 
upon  heating  with  phosphorus  and  sulfur  it  yields  potassium 
phosphides  and  sulfides  [21,  93.  Upon  interaction  with  dilute 
acids  potassium  nitride  will  form  ammonia  the  corresponding 
potassium  salt.  Potassium  nitride  is  an  unstable  connection  and 
is  separated  in  its  pure  form  with  great  difficulty. 

The  nitride  (azide)  KN^  consists  of  a  brilliant  colorless 
crystals  of  tetragonal  structure.  It  readily  dissolves  in  water 
[15,  24]: 

t,  °C  0  10.5  15.5  17  100 

KN3  (g  per  100  g  H20)  41.4  46.5  48.9  49.6  105.7 

In  water  it  hydrolyzes  with  the  formation  of  caustic  potassium 
and  ammonia 


KN,  +  H,0  -  KOH  f  NH,. 

In  presence  of  platinum  niello  the  potassium  azide  is  decomposed 
by  water  according  to  the  following  scheme 

3KN,  +  3HaO  -  3KOH  f  4N,  +■  NHj. 

Potassium  axide  dissolves  well  in  liquid  ammonia,  methyl  and 
ethyl  alcohols  (in  100  g  of  ethyl  alcohol  at  0°C  0.16  g  of  KN^  is 
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dissolved);  it  is  less  soluble  in  benzene  [15,  16]. 

A  solution  of  potassium  azide  does  not  react  with  iodine,  but 
in  presence  of  small  quantities  of  CS2  (0.04-0.08  mole  per  1  mole  of 
KN^)  an  energetic  reaction  occurs 

2  -i-  21,  -  2  KU  +  3  Nt. 

In  work  [22]  single-crystals  of  KN^  with  dimensions  of  6  x  6  x 
*  3  mm  were  produced  by  the  evaporation  of  a  saturated  aqueous 
solution  in  the  course  of  several  months.  As  also  in  crystals  of 
NaN^,  double  refraction  bands  were  detected,  intersecting  at  an  angle 
90°  and  corresponding  to  planes  with  the  index  (112).  The  causes  of 
their  formation,  and  also  the  results  of  variation  under  the  effect 
of  y-rays  were  the  same,  as  for  single-crystals  of  NaN^. 

The  azide  KN^  is  an  explosive;  it  decomposes  upon  being  melted. 

Rubidium  nitride.  In  a  rubidium-nitrogen  system  there  are  two 
compounds:  Rb^N  and  RbN^ .  Rubidium  nitride  Rb^N  is  obtained  by 
heating  the  hydride  RBH  in  a  stream  of  nitrogen  [6,  9],  and  also 
by  decomposing  the  azide  RbN^  at  a  temperature  of  the  order  of 
340°C  [23]. 

The  azide  RbN^  is  obtained  by  interaction  of  ammonia  with 
rubidium  carbonate,  or  rubidium  hydroxide  or  by  the  reaction  between 
rubidium  sulfate  and  barium  azide  BaNg  [23]. 

Rubidium  nitride  Rb^N  is  red  in  color,  is  stable  at  normal 
temperatures  in  air  and  in  hydrogen;  upon  heating  in  a  hydrogen 
medium  it  is  changed  to  the  hydride  RbH ;  it  readily  reacts  wiJ h 
chlorine,  phosphorus  and  sulfur.  Upon  the  interaction  of  FoN^  wioh 
dilute  acids  the  corresponding  rubidium  salt  and  ammonia  will  oe 
formed  [25]- 
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.  The  azide  RbN^  is  readily  soluble  in  water:  at  16°C  the 
solubility  is  51.7 %•  The  solubility  in  absolute  alcohol  is  0.182  g 
per  100  g  of  alcohol;  it  is  insoluble  in  ether  [24],  With  heating 
it  changes  into  Rb^N,  and  upon  heating  in  a  vacuum  it  decomposes 
to  a  metal  and  nitrogen  which  is  used  to  produce  rubidium  of  high 
purity  [23].  In  contrast  to  lithium,  sodium  and  potassium  azides 
it  is  not  explosive. 

Cesium  nitrides.  Cesium  nitride  CsN  is  obtained  by  heating  its 
hydride  CsH  In  a  stream  of  nitrogen  or  by  careful  heating  of  the 
azide  CsN^  (at  340°C).  The  azide  CsN^  will  be  formed  by  the  action 
of  ammonia  on  cesium  carbonate  [24] 

CsjCOj  +  2  NHS  -*■  2  CsN,  -f-  H*0  f  CO, 

or  by  the  Interaction  between  cesium  sulfate  and  barium  azide  BaNfi 
[9,  23]. 

Cesium  nitride  CsN^  is  a  powder,  grayish-green  in  color;  It  is 
stable  In  dry  air;  in  moist  air  i'  decomposes  with  the  liberation 
of  ammonia;  it  is  very  hygroscopic.  Its  solubility  at  l6°C  is 
307.4  g  per  100  g  of  water  and  1.037  g  per  100  g  of  absolute  alcohol 
it  is  insoluble  in  ether  [24],  In  hydrogen  at  normal  temperatures 
it  is  stable  and  upon  heating  it  is  converted  to  the  hydride  CsH. 
Rubidium  nitride  UsN^  [sic]  r=,idily  reacts  with  sulfur,  phosphorus 
and  chlorine;  it  interacts  with  dilute  acids  to  form  salts  and 
ammonia  [25]. 

Upon  heating  it  decomposes  to  the  nitride  Cs^N  and  nitrogen, 
upon  being  heated  in  a  vacuum  it  loses  nitrogen  completely,  being 
transformed  into  metallic  cesium.  The  azide  CsN,,  as  well  as  the 
corresponding  rubidium  azide,  to  not  explode. 

The  properties  of  the  hx -rides  and  azides  of  the  alkali  metals 
are  given  in  Ta-.‘e  33;  the  thermodynamic  characteristics  are  given 
in  [1017]. 
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2 .  Nitrides  of  the  Metals  of  the  Copper  Subgroup 


Copper  nitrides.  The  phase  diagrams  of  the  metals  of  the 
copper  subgroup  with  nitrogen  have  not  been  studied.  Nitrogen  does 
not  dissolve  either  in  solid  or  in  liquid  copper,  at  least  up  to 
temperatures  of  1400°C,  at  which  investigations  have  been  conducted 
[26,  27];  interactions  of  copper  with  nitrogen  have  not  been 
detected  up  to  900°C  [28], 

Nevertheless  in  the  copper-nitrogen  system  the  existence  of 
the  three  compounds  Cu^N,  CuN^  and  CuCN^^  have  been  detected, 
obtained  by  indirect  methods . 

The  nitride  Cu^N  is  obtained  by  passing  ammonia  over  finely 
pulverized  CuO,  Cu20  or  CuF2  at  a  temperature  of  250-280°C  [29]. 

The  assumptions  about  the  formation  of  copper  nitrides  with  the 
passage  of  ammonia  over  copper  temperatures  of  900-1000° C  have  not 
been  confirmed.  The  fragility  of  copper  under  these  conditions  is 
explained  not  by  the  formation  of  chemical  compounds,  but  by  the 
effect  on  copper  of  hydrogen,  obtained  by  the  dissociation  of  ammonia. 

The  Cu^N  will  also  be  formed  by  the  action  of  ammonia  on 
copper  hydroxide  [1] 

6  NH3  -}•  3  (4  CuG-HjO)  =  2  Cu3N  f  3  Cu,0  +  2  N,  f  12  HA 


Copper  azide  CuN^ 
with  the  help  of  KHSO^ 


is  produced  by  the 
by  the  addition  of 


reduction  of  copper  sulfate 
sodium  azide  [30]. 


Copper  nitride  Cu^N  is  a  dark-green  powder,  stable  in  air  under 

normal  conditions ?  but  decomposing  upon  heating  in  a  vacuum  to  450°C. 

The  Cu^N  has  a  cubic  structure  of  the  ReG^  type,  the  space  group 

Pm3m(0'h)  with  one  formula  unit  in  the  unit  cell  [31,  32].  Copper 

nitride  Cu-N  is  a  semiconductor  with  an  electric  resistance 
2  ^ 

6*10  ft»cm  at  room  temperature  and  with  a  width  of  the  forbidden  zone 
of  0.23  eV  [33].  The  temperature  dependence  of  the  electric  re¬ 
sistance  of  Cu^N  is  shown  in  Fig.  33. 


Pig.  33*  The  temperature  depen¬ 
dence  of  the  electric  resistance 
of  Zn^Ng  and  Cu^l*. 


It  is  readily  dissolved  in  acids;  upon  dissolution  in  HC1 
cuprous  chloride  and  ammonium  chloride  will  be  formed  [3*0  ;  it  is 
violently  decomposed  in  concentrated  HgSO^  and  HNO^.  At  400°C 
in  a  stream  of  oxygen  it  is  oxidized  with  intense  heating;  it  is 
decomposed  in  a  vacuum  at  450°C  [24], 

Copper  azide  CuN^  is  an  unstable  compound,  forming  with  a 
great  increase  In  free  energy  AE®,  the  component  according  to  [35]  > 
for  the  reaction  Cu  +  3/2  N0  =  CuN-  71219  cal.  The  azide  CuN,,  has 
a  tetragonal  crystalline  structure;  space  group  C^h  with  eight 
formula  units  in  the  unit  cell  [30].  The  structure  consists  of 
copper  ions  and  linear  groups  of  nitrogen  atoms  (N1  is  in  the 
middle,  N2  is  on  the  outside),  which  are  located  in  the  form  of 
chains  in  direction  (111).  The  shortest  intervals  are  Cu-Cu  = 

=  N-, -N,  =  3-36;  Cu-N,  =  2.795;  Cu-N?  =  2.23;  3.28  and  3.56; 

N-N2  =  3.56  A. 

Earlier  the  structure  of  CuN.,  was  considered  rhombohedral 

[36]. 


The  authors  [24]  Indicate  the  existence  of  another  azide  of 
bivalent  copper  Cu(N,)2,  which  is  obtained  by  the  reaction 

Cu  (NOa)a  +  2  NaN,  =  Cu  (Ns),  +  2  NaNO, 

or  upon  the  interaction  of  those  same  reagents  in  the  hydrated 
state  in  an  alcohol  solution  or  by  the  decomposition  of  the  compound 
CuCN^^'SNHg  [37].  The  azide  depending  upon  the  method  of  production 
has  the  form  of  a  black-brown  powder  or  opaque  needles  of  the  same 
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color  (it  is  crystallized  in  a  rhombic  system).  It  is  poorly 
soluble  in  water  and  in  organic  solvents;  it  is  readily  soluble  in 
acids,  CH./  J  and  NH^OK;  in  an  aqueous  solution  of  hydrazine  it 
is  reduce1  1  j  CuN^.*  It  readily  explodes;  it  is  distinguished  by 
intense  de conational  properties,  detonating  6  times  more  powerfully 
than  lead  azide  and  in  450  times  more  powerfully  than  fulminating 
mercury  [24], 

Silver  nitrides.  Nitrogen  does  not,  dissolve  either  in  solid  or 
in  liquid  silver  up  to  1300° C,  however  by  indirect  methods  silver 
nitride  Ag^N  and  silver  azide  AgN^  are  produced  [26]. 

Siler  nitride  Ag^N  will  be  formed  during  the  prolonged  storage 
ammonium  solutions  of  silver  oxide  or  by  the  decomposition  of  an 
ammonium  solution  of  Ag20  by  alcohol,  ar.d  also  by  acetone  and  by 
the  precipitation  of  an  ammonium  solution  of  AgCl  by  a  solid  alkali 
[39]*  Upon  -the  dissolution  of  Ag^O  in  a  concentrated  ammonia 
solution  and  subsequent  setting  preparations  of  Ag^N  are  obtained, 
contaminated  with  an  admixture  of  silver  and  Ag20.  Preparations  of 
Ag^N  contaminated  with  silver  will  also  be  formed  and  with  the 
holding  of  Ag2N*2NH^  compound  over  sulfuric  acid  [24].  Silver 
nitrides  can  also  be  produced  by  the  interaction  of  silver  vapors 
with  ammonia  at  1280°C  [6]. 

The  silver  azide  AgN^  is  obtained  by  the  interaction  of  silver 
nitrate  with  hydrazine  sulfate  cr  hydrazoic  acid  [1,  9]  or  by  the 
interaction  of  silver  nitrate  with  sodium  azide  [24] 


AgNOj  4*  NaNj  — 

=  AgNj  4-  NaNO,. 

The  nitride  Ag^N  has  the  form  of  black  flakes  or  black 
brilliant  crystals;  it  is  insoluble  in  water,  soluble  in  the  dilute 
mineral  acids;  it  reacts  explosively  with  concentrated  acids  [24]; 
in  air  in  the  dry  and  humid  state  it  is  stable;  it  slowly  decomposes 
at  room  temperature.  It  is  resistant  in  cold  to  the  effect  of 
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alkalis;  in  a  vacuum  at  room  temperature  it  rapidly  decomposes 
[39].  An  important  peculiarity  of  Ag^N  is  its  capacity  to  explode 
(Berthollet ’s  fulminating  silver);  it  decomposes  explosively  in  air 
at  165°C,  and  also  in  contact  with  various  solids,  with  friction  or 
shock. 

Silver  nitride  Ag^N  has  a  face-centered  cubic  lattice,  in  which 
the  nitrogen  atoms  occupy  octahedral  pores  in  FCC-lattice  of 
silver  atoms  [39]. 

Silver  azide  AgN^  is  a  colorless  substance,  crystallized  in 
the  form  of  needles  (a  rhombic  pseudotetragonal  lattice,  a  rhombically 
distorted  KN^  type);  upon  heating  to  a  temperature  of  170-l80°C 
the  color  changes  to  grayish-violet.  It  is  readily  soluble  in  an 
aqueous  solution  of  ammonia,  and  in  potassium  cyanide;  it  is  not 
very  soluble  in  water  (0.01  weight  parts  per  100  weight  parts  of 
water)  and  nitric  acid.  It  is  an  explosive,  which  is  exploded  by 
by  shocks,  and  also  upon  heating  to  approximately  300°C. 

Gold  nitrides.  Nitrogen  does  not  dissolve  in  solid  and  liquid 
gold  up  to  a  temperature  of  1300°C  [26],  Two  gold  nitrides  are  known. 
One  of  them  -  the  hydrate-nitride  Au^N’SHgO  -  is  obtained  by  the 
action  of  ammonia  on  gold  oxide  with  subsequent  boiling  of  the 
formed  product  in  water.  With  the  interaction  of  AuO  with  ammonia 
the  nitride  of  bivalent  gold  Au^Nj  will  be  formed  [1,  9] 


3AttO  +  2  NH, «  Au,N.  f  3H,0. 


Both  nitrides  are  explosives.  In  Table  35  the  basic  properties 
of  the  metals  of  the  copper  subgroup. 
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CHAPTER  IV 

METAL  NITRIDES  OP  GROUP  II  OP  THE  PERIODIC  SYSTEM 

1.  Beryllium,  Magnesium  and  the  Alkaline- 
Earth  Metal  Nitrides 


Beryllium  nitrides.  The  Be-N2  system  has  not  been  investigated; 
only  the  existence  in  it  of  the  nitride  Be^^  and  the  azide  BeCN^^ 
has  been  established.  The  nitride  Be^N2  is  obtained  by  the  inter¬ 
action  of  powdery  beryllium  with  nitrogen  at  a  temperature  of  500° C 
and  at  900°C  in  the  case  of  the  use  of  lumpy  beryllium  [6],  The 
formation  reaction  of  the  nitride  occurs  slowly  (from  24  to  60  h); 
to  accelerate  hydrogen  (2-650  is  added  to  the  nitrogen  which  is 
a  catalyst  of  this  reaction. 

The  kinetics  of  the  interaction  reaction  of  beryllium  with 
nitrogen  were  investigated  in  the  works  of  Gulbransen  and  Andrew 
[41],  who  established  that  the  rate  of  the  reaction  at  temperatures 
of  up  to  850°C  was  slow,  at  950°C  the  reaction  occurs  two  times 
slower  than  the  oxidation  reaction  of  beryllium.  As  a  result  of 
the  conducted  experiments  [4l]  on  nitridation  at  76  mm  Hg  within  the 
limits  of  725-925°C  the  parabolic  law  of  nitridation  was  detected 
with  an  activation  energy  of  Be^Ng  of  75000  cal/mole.  Upon  nitrida¬ 
tion  of  beryllium  very  dense,  gas-impermeable  films  will  be  formed, 
intensely  hampering  of  the  nitridation  process  [76]. 

According  to  [42],  the  nitridation  of  pig  beryllium  with  the 
passage  of  64-fold  amount  of  nitrogen  changes  at  700°C  to  5655,  at 
800°C  -  to  7055,  and  at  900°C  it  is  almost  completely  terminated  even 
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in  the  absence  of  hydrogen.  By  the  nitridation  of  beryllium  powder 
at  1000°C  in  the  course  of  12-18  h  with  a  mixture  of  nitrogen  with 
5Jt  hydrogen  beryllium  nitride  powder  was  produced,  containing  95- 
983;  Be3N2,  1-5%  BeO  and  0.05-0.2%  3e2C  [42]. 

Beryllium  nitride  can  be  produced  by  the  nitridation  of  the  metal 
with  ammonia:  from  technical  finely  pulverized  beryllium  after 
nitridation  in  a  current  of  dry  NH^  in  the  course  of  3  h  at  850°C 
and  the  subsequent  three-fold  nitridation  at  1000°C  products  are 
produced,  containing  94-95%  Be^N^  With  the  use  of  purer  metal 
there  can  also  be  produced  by  this  method  purer  nitride  [24],  An 
analogous  method  of  obtaining  beryllium  nitride  by  the  nitridation 
of  the  metal  powder  with  ammonia  at  a  temperature  of  1000°C  was 
described  by  Busev  [6]. 

Chiotti  [43]  by  nitriding  beryllium  powder  with  ammonia  in 
the  course  of  5  h  at  800°C  and  17  h  at  900°C  obtained  products, 
containing  respectively  46.4  and  43.2%  nitrogen  (as  compared  to 
50.89%  nitrogen  in  Be^N^.  After  treating  these  products  in  a 
vacuum  at  200G°C  X-ray-diffraction  analytically  pure  beryllium 
nitride  was  obtained. 

A  promising  method  of  obtaining  beryllium  nitride  of  technical 
purity  is  the  reduction  beryllium  oxide  by  carbon  in  a  stream  of 
nitrogen  [9],  and  also  the  heating  of  beryllium  carbide  Be2C  in  a 
stream  of  nitrogen  at  1250°C  or  in  stream  of  ammonia  at  1000°C 
[42], 


Beryllium  azide  Be(N3)2  is  obtained  by  heating  the  compound 
Be(CH3)2,  frozen  at  the  temperature  of  liquid  nitrogen  with  a  surplus 
of  ether  solution  of  HN^,  however  it  is  very  difficult  to  separate 
it  from  the  aqueous  solutions  due  to  the  tendency  to  hydrolyze. 

The  solubility  of  nitrogen  in  beryllium  is  small  [44], 

Beryllium  nitride  Be^Ng  is  in  its  pure  state  a  white  substance, 
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in  its  contaminated  state  -  gray-colored  powder.  It  crystallizes  to 
a  cubic  system  of  the  anti-MngO^  type;  it  melts  at  a  temperature  of 
2200°C;  it  decomposes  with  the  liberation  of  nitrogen  at  temperatures 
higher  than  2240°C  (the  elasticity  of  dissociation  attains  1  at  at 
2400°C),  in  a  vacuum  it  sublimates  at  2000°C  [45]. 

According  to  [961],  beryllium  nitride  vaporizes  at  temperatur  e 
of  1640-1950°K  congruently,  its  decomposition  according  to  the 
reaction  Be^  (solid)  »  3Be  (gas)  +  N2  (gas)  occurs  simultaneously; 
the  pressure  of  nitrogen  (at)  is  determined  by  the  equation 

lgpN(=  -  1,898- 10^'  +  6,213. 

The  ^enthalpy  of  dissociation  is  equal  to  -136  ±  5  kcal/mole, 
which  agrees  well  with  the  data  accepted  in  literature  (-137.8  ± 

±  1.5  kcal/mole).  Langmuir  enthalpy  of  activation  for  samples  with 
a  porosity  close  to  lS%  is  equal  to  430.2  ±  6.8  kcal/mole,  which 
is  22%  higher  than  equilibrium  enthalpy.  The  vaporization 
coefficient  of  Be^l^  is  equal  to  0.001.  Beryllium  nitride  possesses 
great  hardness;  in  the  presence  of  additives  of  AljO^  and  certain 
others  it  acquires  the  ability  to  phosphoresce  [6], 

The  heat  capacity  of  Be^Ng  is  expressed  by  the  series  Cp  = 

=  15.45  +  19.64*103T-4.80*105T"3  cal/deg-mole  [47]. 

Beryllium  nitride  is  completely  stable  in  air;  it  is  very 
slowly  decomposed  by  boiling  water  with  the  liberation  of  ammonia; 
it  is  decomposed  by  dilute  by  solutions  of  halide  acids  with  the 
formation  of  halide  salts  of  beryllium;  concentrated  HC1  interacts 
with  Be^Ng  at  a  temperature  of  700-800° C  with  the  formation  of 
anhydrous  BeCl2 

Be.Nj  -h  8HCI  =-.  3BeCl,  +  2NH*C1. 
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With  boiling  with  oxygen-conoaining  acids  it  is  slowly  decomposed. 
At  temperatures  up  to  500°G  Be^N2  is  resistant  to  oxidation  with 
dry  oxygen;  at  a  temperature  of  1000°C  it  is  rapidly  oxidized  [42, 

45]. 


Beryllium  azide  rapidly  decomposes  in  humid  air;  in  a  flame  it 
bursts  into  flame;  it  does  not  detonate  [44,  9]. 

Articles  of  beryllium  nitride  are  prepared  by  sintering,  by 

hot  pressing  in  graphite  molds  at  a  temperature  of  1800-1900°C,  at 

p 

a  pressure  of  140  kg/cm  with  the  production  of  a  density,  close  to 
theoretical  [42]. 

The  addition  beryllium  nitride  to  beryllium  leads  to  a  reduction 
in  the  plasticity  of  beryllium,  and  to  an  increase  in  its  strength 
at  increased  temperatures  (Table  36). 

Table  36.  The  effect 
of  Be^N2  additives  on 

the  mechanical  prop¬ 
erties  of  beryllium 
[42]. 
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6.1 
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Magnesium  nitride.  In  a  magnesium-nitrogen  system  the  existence 
of  the  nitride  Mg^N2  and  the  azide  Mg(N^)2  has  been  established, 
where  Mg^N2  exists  in  one  crystal  form  [1025].  The  formation  of 
magnesium  nitride  was  detected  by  St.  Clair  Deville  and  Caron  [48] 
upon  the  sublimation  of  magnesium  in  air.  Magnesium  nitride  will  be 
formed  in  the  shape  colorless,  needle-shaped  crystals  which  are 
rapidly  decomposed  by  water  with  the  formation  of  magnesium  oxide 
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and  the  liberation  of  ammonia.  The  first  systematic  investigation  of 
the  process  of  the  formation  of  magnesium  nitride  was  conducted  by 
Brigleb  [49]  by  heating  magnesium  filings  in  a  stream  of  ammonia 
or  nitrogen  in  porcelain  combustion  boats.  It  was  noticed  that 
silicon  passes  into  the  composition  of  the  nitride  from  the  boat, 
therefore  it  is  recommended  that  boats,  already  previously  in  use, 
be  used  for  the  production  of  the  nitride.  In  this  same  work  magnesium 
nitride,  contaminated  with  silicon,  was  obtained  by  the  heating  of 
magnesium  silicide  in  a  stream  of  nitrogen. 

Hartung  [50]  produced  magnesium  nitride  by  heating  of  magnesium 
powder  in  an  ammonia  medium  and  established  that  the  interaction 
reaction  between  the  magnesium  and  the  nitrogen  begins  at  a  tempera¬ 
ture  of  450°C,  and  occurs  most  intensively  at  600-700°C;  at  900°C 
the  formed  nitride  dissociates. 

Murgulescu  and  Cismaru  [244]  demonstrated  that  at  500-580°C 
magnesium  is  nitrided  by  nitrogen  at  atmospheric  pressure.  The 
temperature  dependence  of  rate  of  the  reaction  has  a  parabolic 
character,  and  the  activation  energy  of  the  process  is  31.7  kcal/mole. 

Merz  [51]  found  that  magnesium  nitride  is  readily  produced  by 
the  simple  heating  cf  magnesium  In  a  glass  test  tube  in  the  air  in 
the  flame  of  a  gas  burner.  Moreover,  as  also  in  experiments  [49], 
the  transfer  of  silicon  from  the  glass  into  the  composition  of  the 
nitride  was  detected,  accompanied  by  turbidity  and  blackening  of 
the  glass. 

Kaiser  [52]  produced  magnesium  nitride  by  the  action  of  nitrogen 
on  heated  magnesium  sulfide  and  chloride,  and  also  on  magnesium 
hydride,  and  it  was  revealed  that  magneisum  hydride  readily  converts 
to  nitride,  and  the  latter  -  back  in  hydride 

3.MgHj  +  2N. «  MgjN,  +  2NH„ 

2Mg»N,  +  1 2HS  =  6MgH,  f  4NH,. 


In  the  opinion  of  Smits  and  Pasehkovetsky  [53,  54],  for  the 
preparation  of  magnesium  nitride  it  is  better  to  use  not  nitrogen, 
but  ammonia.  The  passage  of  dry  ammonia  over  magnesium,  heated  to 
600°C,  produced  Mg^N2  also  in  [6],  Conversely,  Neumann  with  his 
colleagues  [55]  holds  the  opinion  that  in  the  nitridation  of 
magnesium  by  ammonia  an  intense  adsorption  of  ammonia  by  the  nitride 
occurs  which  delays  dissociation  and  participation  in  the  process  of 
nitride-formation . 

Kirchner  [56]  obtain  surface  layers  of  magnesium  nitride  on 
compact  magnesium  samples  upon  heating  them  in  air. 

According  to  Eidmann  and  Moser  [57],  magnesium  nitride  can  be 
produced  by  heating  magnesium  powder  mixed  with  highly  oxidizing 
metals  in  air,  and  also  in  mixture  with  carbides  of  certain  metals. 

For  example,  a  mixture  of  equal  parts  of  magnesium  and  iron,  heated 
in  an  open  crucible,  will  form  a  product,  containing  about  36/S 
magnesium  nitride.  According  to  the  same  data,  upon  heating 
magnesium  powder  in  a  tightly  closed  crucible  with  a  very  small  hole 
in  the  cover  two  layers  will  be  formed:  an  upper  layer  -  of  magnesium 
oxide  and  a  lower  one  -  of  nitride.  Eidmann  [58]  observed  the  for¬ 
mation  of  magnesium  nitride  with  the  heating  to  red  heat  of  metallic 
magnesium  powder  with  boron  and  silicon  nitrides,  and  alkali  and 
alkaline-earth  metal  cyanides. 

Ssarwasy  [59]  obtained  magnesium  nitride  by  heating  of  a  mixture 
of  magnesium  filings  with  carbon  first  in  a  hydrogen  medium  and  then 
in  air. 

Mehner  [60]  and  Neuberger  [6l]  prepared  magnesium  nitride  by 
an  analogous  method:  by  heating  a  mixture  of  magnesium  and  carbon 
black  in  nitrogen  medium. 

Vocurnasos  [62]  discovered  that  magnesium  nitride  can  be  produced 
by  the  interaction  of  magnesium  with  cyanides,  where  a  reaction  of 
the  following  type 
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2KCN-h  3Mg  =  MgjNj  +  2K  r  2C 


takes  place  very  energetically. 

Of  all  the  enumerated,  and  frequently  very  ingenious  methods  of 
obtaining  magnesium  nitride  only  those  methods  have  practical 
application,  which  are  based  on  the  treatment  of  heated  magnesium 
with  nitrogen  or  ammonia.  However  up  till  now  the  optimum  temperature 
conditions  of  carrying  out  these  processes  have  not  been  worked 
out , 


The  majority  of  researchers  propose  relatively  high  temperatures 
for  the  nitridation  of  magnesium:  within  the  limits  of  from  7CQ  to 
900-950°C.  Thus,  according  to  Zhukov  [63],  the  interaction  of 
magnesium  with  nitrogen  with  the  formation  of  nitride  begins  at 
780~800°C;  according  to  Neumann,  Kroger  and  Kun  [64]  it  is  recommended 
that  magnesium  nitride  be  produced  by  the  nitridation  of  magnesium 
powder,  freed  of  iron  by  magnetic  separation,  in  a  current  of 
dexoygenated  nitrogen  during  the  course  of  4-5  h  at  a  temperature 
of  800-850°C  (the  nitrogen  content  in  such  a  nitride  is  27.3-27.6? 
which  almost  corresponds  exactly  to  the  calculated  content  cf 
nitrogen  in  Mg^N2,  equal  to  27.74?).  Porter  [65]  indicates  that  the 
nitridation  of  magnesium  by  -ammonia,'  preheated  to  300°C,  or  by 
nitrogen,  heated  to  400°C,  should  be  carried  out  at  900-1000°C, 

Davis  [66]  for  the  production  -cf  magnesium  nitride  in  a  stream  of 
nitrogen  or  ammonia  recommends  using  a  temperature,  located  within 
the  limits  between  the  sublimation  and  boiling  points  of  magnesium 
so  the  the  sublimated  magnesium  could  destroy  the  nitride  layer  for 
the  purpose  of  continuous  nitridation.  Stackelberg  and  Paulus  [46] 
produced  magnesium  nitride  by  heating  magnesium  for  4  h  in  a  stream 
of  ammonia  at  a  temperature  of  850°C  with  subsequent  1.5  h  of  heating 
in  a  stream  of ‘nitrogen  to  remove  the  adsorbed  ammonia.  In  this  same 
work  a  method  of  preparing  single-crystals  of  magnesium  nitride  is 
described,  consisting  of  the  rapid  heating  of  a  piece  of  magnesium 
up  to  1050°G  (i.e.,  almost  to  the  melting  point,  equal  to  1107°C)  in 
a  slow  stream  of  nitrogen  in  an  iron  combustion  boat.  On  the  surface 
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of  the  piece  of  metal  and  on  the  walls  of  the  boat  transparent  color¬ 
less  needles  of  magnesium  nitride  crystals  will  be  formed  having  a 
habit  of  nexahedral  prisms  with  a  trihedral  pyramid  or  plane  at  the 
free  end.  The  direction  of  needles  is  (111),  of  the  lateral  faces 
(211),  of  the  pyramid  or  end  site  (111). 

Mitchell  [68]  obtained  rather  pure  magnesium  nitride  (with  0.9% 
MgO  impurity)  by  passing  nitrogen  over  magnesium  filings  in  an  iron 
combustion  boat  first  at  650-700°C  for  3-4  h,  viith  a  subsequent 
increase  in  temperature  to  950° C  and  holding  at  this  temperature 
for  12  h. 

Murgulescu  and  Cismaru  [ 244 3  demonstrated  that  at  temperatures 
of  500-580°C  magnesium  is  nitrided  by  nitrogen  at  atmospheric 
pressure.  The  rate  of  reaction  obeys  to  the  parabolic  law;  the 
activation  energy  is  equal  to  approximately  31,700  cal/mole. 

The  authors  [244]  investigated  the  nitridation  of  compact 
magnesium  at  a  pressure  of  nitrogen  fom  7.5  to  30  at,  at  temperatures 
from  575  to  635°C  for  a  long  period  of  time  (more  than  115  h).  In 
this  work,  as  in  [271],  it  was  shown  that  nitridation  with  the 
surface  occurs  slowly;  magnesium  nitride  will  be  formed,  close  in 
composition  to  stoichiometric  magnesium  nitride. 

The  experiments  on  producing  magnesium  nitride  were  repeated 
by  us  jointly  with  T.  V.  Dubovik  and  V.  S.  Polishchuk  [242]. 

Magnesium  filings  with  dimensions  of  0.1-0. 2  mm  were  nitrided  in 
a  porcelain  boat,  located  in  a  reactor  and  surrounded  by  nitrogen. 

As  the  obtained  data  showed  (Fig.  34),  noticeable  absorption  of 
nitrogen  by  the  magnesium  begins  at  a  temperature  of  500-550°C,  end¬ 
ing  with  the  formation  of  a  nitride  (with  a  nitrogen  content  of  26.5%) 
after  4  h  at  800° C  and  1/2  h  at  900° C.  The  magnitude  of  the  lattice 
constant  of  magnesium  nitride  was  found  to  be  a  =  9.92  ^  which 
coincides  well  with  the  tabular  data  for  Mg^Ng* 
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Pig.  3^«  The  dependence  of  the 
degree  of  nitridation  of  magnesium 
on  temperature  and  time:  1-15; 

2  -  30;  3  -  60;  4  -  120;  5  -  240; 
min. 


An  analysis  of  the  mechanism  of  the  process  of  nitridation  of 
magnesium  leads  to  the  following  conclusions.  The  sharp  acceleration 
in  nitridation  process  at  700°C  can  be  explained  in  accordance  with 
the  data  of  work  [75],  according  to  which,  in  spite  of  the  relatively 
low  activation  energy  with  the  nitridation  of  magnesium,  the  diffusion 
of  nitrogen  into  the  magnesium  occurs  slowly  (approximately  two 
times  slower  than  oxidation,  although  the  activation  energy  of 
oxidation  is  almost  two  times  greater  than  the  activation  energy  of 
the  nitridation  of  magnesium).  This  is  explained  by  the  formation 
on  the  magnesium  of  a  dense  gas -impermeable  film.  Obviously,  up 
to  a  temperature  of  700° C  the  film  substantially  impedes  the 
nitridation  process.  At  700°C  the  melting  of  the  magnesium  occurs 
and  the  breakdown  of  the  integrity  of  the  film  and  the  nitridation 
process  is  sharply  accelerated.  Nitridation  at  a  temperature  of 
900-1000°C  actually  occurs  even  with  melted  magnesium,  the  nitridation 
surface  of  which  is  limited  by  the  surface  of  the  molten  metal. 
Therefore  nitridatJLon  in  general  proceeds  more  poorly.  At  a  tempera¬ 
ture  of  800°C  it  is  still  not  possible  to  form  a  surface  of  molten 
magnesium  and  the  nitride  film  has  already  been  destroyed,  conse¬ 
quently,  750-800°C  can  be  considered  the  optimum  temperature  for  the 
nitridation  process. 

The  indicated  peculiarities  of  the  process  of  the  formation  of 
magnesium  nitride  lead  to  the  conclusion  of  necessity  of  introducing 
into  the  magnesium  powder  before  nitridation  of  a  sufficiently  inert 
filler,  which  would  prevent  the  sintering  the  magnesium  powder  and 
the  formation  on  it  of  a  continuous  nitride  film.  As  such  a  filler 
previously  obtained  magnesium  nitride  has  been  used  [242]:  for  the 
normal  course  of  the  process  the  amount  of  nitride  should  be  30-4055. 
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This  method  makes  it  possible  to  obtain  a  nitride  of  sufficiently 
high  quality  composition. 

The  kinetics  of  the  nitridation  of  magnesium  were  studied  in 
detail  in  [75].  They  used  pure  magnesium,  containing  0.01?  Pe, 

0.005?  Mn,  0.005?  Al,  0.001?  Si,  0.0001?  Cu,  0.005?  Pb,  and  nitrogen, 
thoroughly  purified  by  passing  it  over  copper  shavings  at  400° C 
through  a  column  with  Mg (CIO^^  for  the  removal  of  0 2  and  H20. 

Figure  35  shows  the  isothermal  curve  of  magnesium  nitridation, 
which  has  three  sections;  the  first  section,  the  nitridation 
section  and  the  section,  at  whi"h  the  vaporization  of  magnesium  begins 
to  intensively  take  affect.  The  effect  of  the  temperature  of 
nitridation  within  limits  of  4l5-485°C  in  Pig.  36,  from  the  data  of 
which  the  equation  of  the  temperature  dependence  of  the  nitridation 
constant  was  derived. 

2 

/C  =  2.2.10*exp(22300/KT)  [mg/em  *h] . 


Fig.  35.  Fig.  36. 

Fig.  35.  Nitridation  of  magnesium  at  465°C 
(p  .  ■  100  mm  Hg):  I  -  the  initial  period 

n2 

of  nitridation;  II  -  the  period  of  nitrida¬ 
tion;  III  -  the  period  of  vaporization. 

Pig.  36.  The  temperature  dependence  of 
the  nitridation  of  magnesium  (pH  ■  100  mm 
Hg).  N2 

A  comparison  with  the  constant  of  the  oxidation  rate  of  magnesium 
K  =  6.2‘1012  exp  (50500/RT)  shows  that  the  activation  energy  of  the 
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nitridation  process  is  two  times  less  than  activation  energy  of  the 
oxidation  process  (Pig.  37).  However  the  nitridation  rate  is  many 
times  less  than  the  oxidation  rate  which  is  explained  (within  the 
limits  of  the  second  kinetic  section  of  the  nitridation  process)  by 
the  formation  of  a  dense,  gas-impermeable  film  of  nitride  on  the 
magnesium.  The  increase  in  the  nitridation  pressure  causes  an 
increase  in  the  constant  of  the  nitridation  speed  (Pig.  38). 


a  U  n  t"  «  Tine,  min 

Fig.  37.  Pig.  38. 

Pig.  37.  The  temperature  dependence  of  the  re¬ 
action  constants  of  the  oxidation  and  the  ni¬ 
tridation  of  magnesium.  • 

Fig.  38.  The  dependence  of  the  rate  of  nitri¬ 
dation  of  magnesium  on  pressure  at  a  temperature 
of  465°C. 


A  comparison  of  the  kinetics  of  the  nitridation  and  oxidation 
of  magnesium  was  also  made  in  [272].  It  was  demonstrated  that  the 
differences  in  the  processes  are  connected  with  the  fact  that  crack 
formation  in  the  oxidized  layer  occurs  more  readily  than  in  the 
nitrided  layer.  And  with  oxidation,  and  with  nitridation  at  first 
a  layer  stable  in  time  will  be  formed,  the  subsequent  increase  in 
which  to  a  certain  critical  thickness  causes  the  appearance  of  cracks 

In  work  [247]  the  kinetics  of  the  nitridation  fine  magnesium 
powders  of  brands  M-3  (99.57*  Ms)  and  M-4  (99.60$  Mg)  with  an 
admixture  of  iron  (0.01-0.023$)  was  also  studied.  The  dimensions  of 
the  M-3  powder  particles  were  on  the  average  250-300  y,  and  M-4  — 
about  50-100  y.  It  was  determined  that  at  400° C  in  both  cases  the 


time  dependence  of  nitridation  obeys  the  logarithmic  law,  and  at 
450°C  —  the  parabolic  law.  The  kinetic  characteristics  of  the  process 
of  the  nitridation  of  magnesium  powders  are  given  in  Table  37. 


Table  37  The  kinetic  characteristics 
of  the  process  of  nitridation  of  mag¬ 
nesium  powders. 


Make 

Tem- 

Uon* 

Active^ 

of 

pow¬ 

der 

pera- 

turo, 

°c 

Equation  of  rate  of  nitridation 

stant 
reac¬ 
tion 
rate  K 

tion 

energy, 

teal/ 

mole 

M-3 

400 

Am*=0,0056  tg *•• 

0,0056 

49,97 

450 

Am  =  -0,03154-0,0733*- 

—0,00932** 

,0,07425 

M-4 

400 

Am  =0,00105  Igt 

0,00165 

450 

. — /7i  =0,00651 +0,002 It  + 

42,54 

+0,000355** 

0,01465 

•  Sm  «  the  increase  in  weight  mg/s2. 
*•  t  -  the  time  of  nitridation,  h. 


It  is  noted  that  the  course  of  the  nitridation  process  on  damp¬ 
ing  curves  is  caused  by  the  protective  prope.'iies  of  the  magnesium 
nitride  film.  Powder  M-4  is  more  reactive  than  M-3,  due  to  the 
magnesium.  Powder  M-4  is  more  reactive  than  M-3  due  to  the  very 
well-developed  surface  (the  specific  surface  of  M-4  is  equal  to  3500 » 

p 

and  M-3  -  to  6l6  cm  /g);  this;  in  particular,  is  attested  to  by  the 
lower  activation  energy  of  the  nitridation  of  powder  M-4. 

The  experiments  conducted  in  this  work  on  the  oxidation  of 
magnesium  powders  in  air  showed  that  MgO  and  Mg~N2  will  be  formed 
simultaneously. 

According  to  [246],  the  nitridation  of  magnesium  is  substantially 
accelerated  by  the  addition  to  it  as  a  catalyst  of  5?  KHF2. 

The  magnesium  azide  Mg(Ng)2  is  produced  by  dissolution  of 
magnesium  of  hydrazoic  acid  [1,  9]. 

Magnesium  nitride  Mg^N2  is  a  friable  powder  of  yellow-orange 
color,  intensely  fluorescing  when  irradiated  with  ultraviolet  rays 
[68],  The  MgoNp  has  a  cubic  face-centered  lattice,  analogous  to 


the  lattices  of  magnesium  stibnide  and  bismuthids,  and  also  of 
beryllium  nitride,  with  a  constant,  composing  according  to  various 
data  from  9.93  to  9.95  ft.  In  the  nitride  unit  cell  there  are  16 
formula  units.  According  to  Mitchell  [68],  magnesium  nitride  exists 
in  three  allotropic  versions  a,  3  and  y;  the  temperature  of  the 
a  X  3-transformation  is  823°K  (the  heat  of  transformation  is  220 
cal/mole),  and  the  temperature  of  the  3  +  y-transformation  is  106l°K 
(the  heat  of  transformation  is  260  cal/mole). 

The  variation  in  the  heat  content  of  the  individual  versions 
within  the  limits  of  from  350  to  1200°K  is  determined  by  the 
equations 

AHa  »  -7125  4-  22,81.7'  f  3,65- lO-3^, 

*—  — 10020  -f-  29,607*, 

A//v  =  - 9695 -r29,547*. 

According  to  Kelley  [38],  the  molar  heat  capacity  of  the 
different  versions  of  the  nitride  Mg^^  can  be  calculated  from  the 
equations 

Cw  =  20.77  4-  11,20-  lO^r  (298-823  K), 

C*  =  20(07  H — 10.66-  10“*T  (823  -  1061°K), 

Cn  28.50  (1061  —  1 300°K). 

The  specific  electric  resistance  of  the  nitride  is  equal  to 
2-106  n-cm  [63]. 

Magnesium  nitride  is  stable  in  dry  air;  the  temperature  of 
dissociation  under  these  conditions  is  equal  to  1500°C  [1],  In 
humid  air  the  nitride  is  rapidly  decomposed  with  the  liberation  of 
ammonia  [69,  24] 

Mg,Nj  -r  6HtO  =  3Mg  (OH),  -f  2NH„ 

thus  storing  it  is  possible  only  in  sealed  ampules  [64]. 
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wmtenouse  uuj  round  that  magnesium  nitride  is  reduced  by 
water  .gas  to  metallic  magnesium  with  the  simultaneous  formation  of 
carbon  and  cyanamidesj  dry  hydrogen  does  not  reduce  the  nitride  to 
metallic  magnesium. 

In  dry  oxygen  magnesium  nitride  burns  with  intense  incandescence 
and  radiation  of  light.  With  concentrated  and  dilute  acids  and 
phosphorus  trichloride  it  reacts  according  to  the  following 
patterns ; 

AtgaN*  -4-  8I1C1  =  3Mf£U  +  2NH»C1, 

M&NS  ~  8HNO,  »  3Mg(NOa),  +  2NH«NCV 
5M&.N,  -i-  6PC1,  --=  15MgCl4  •[-  2P,N,. 

Magnesium  nitride  does  not  react  with  ethyl  alcohol,  an  alcohol 
solution  of  glycerine,  oxalic  acid  and  phenol  [71]. 

The  interaction  of  magnesium  nitride  with  carbon  monoxide  and 
carbon  dioxide  was  studied  by  Fichte  and  Scholig  [72],  who  established 
that  at  a  temperature  of  1000-1250°C  these  reactions  are  described 
by  the  following  equations : 

M&N,  +  3CO  =  3MgO  +  3C  h  N„ 

2M&N,  +  3COj  =  6MgO  +  3C  +  2N*. 

where  the  interaction  reaction  of  magnesium  nitride  with  C02  proceeds 
more  actively  than  with  CO. 

The  magnesium  azide  Mg(N^)2  upon  heating  decomposer  explosively 


The  physical  properties  of  magnesium  nitride  Mg^N2  are  given 
in  Table  38.  At  the  present  time  the  semiconductor  properties  of 
magnesium  nitride  are  being  investigated,  however  its  practical  use 
in  this  region  is  very  problematical  due  to  its  low  chemical 
stability. 


122 


MU,l»iiW 


I  I 


W 

Cd 

TJ 

•H 

-P 

•H 

C 

H 

cO 

■p 

(U 

B 

si 

■p 

u 

CO 

<u 

a> 

c 

•H 

H 

CO 

J* 

i — I 

CO 

<U 

Si 

+3 

o 

w 

a> 

T? 

p 

a> 

a 

o 

u 

a 

CU 

Ei 


CO 

CO 

<u 

H 

S3 

Eh 


i 


$ 


*8 

u 

0 

4* 


1 


<P 


CS  CH 


I  I  I  9*{l 


5 

«o 


II 1 1 1 1 1 


1 1 1 1  III 


c  w 

1 1 1 1 1  IT i 


•  i 

o 


1 1 1 1 1 1  I 


i  I  I  I  @<E  I 


C4 

+i  — 

I  t«  !  ! 

n 

i.o 


“rs 


8-*.  in; 

•—  to  < 


III  ?S  l»s 


1  *2 


!  I  I  1  I  I  I 


I  I  I  I  I  II 


,4 


cv  ©  *  * 
«  #c 
fiu-Po 


1 1 1 1 1 1 


to 

a 


C*5r 

cj*.  i 


1 1 1 1 1 1 1 


55 


:  I 


I  I  I  I  I  I  I 


I  I  I  I  i 


I  I  I  I  ff®  l  | 


8  s 
I  I  I  IgR  I 


o.«J£  *  JLi. 


*  o7 

•°12 

gs. 


*J 1  !s§8 


i i i i i i i it 


MINI  II 


i 

i 

ik ' 

•.l&a 

£  So e 

C-.-P  o 

I 

# 

« 

1  “•£  —  |  I 
*-•6 

M* 

1  1  1  1 

iii 

ssS 

i 

27,24 

aoa- 

enterad 

ubio 

f 
a 1 

3 

1  1171  1 
• 

iiii 

,1  ~i? 

S  »'£| 

(xt  O  O- 

o» 

04 

m  ci 

i 

ss 

sj-§ 

wc 

s . 

wl 

«0 

1  '"|l 

1 1 1  if 

a  44  to 

?o-ia  •  | 
*»-•* 1 

o< 


4»  2 

S  5 

4»  O 

i*s 
•>  © 
a  «p 

8>  *®f3 

O  «rt  4» 
t  •  n 

s 


1 

2  w-p  c 

W  Tt  C  O 

S3  pun 

s  v  &$ 

.•’•*'*'5  w 3 

5  vt  c  5, 

*H  tH  Ti  B 

■P  o  +3  o  o 

■g  S.'SS* 

o  w  SO 


§* 

.213$ 

-a  X 
C*  S3  B 

°  C  “ 

©  *rl  * 

|g|_g22k^ 

2  5  Si  ^££1 

a  32  -pgS-S^ 

§°  o-*ci" 

e-  x  w  yj 


Utsl 


wg 

V  O  E 

it? 

>S« 

©  m 

•  «H  * 
r-tX  ©  © 


123 


More  practicable  is  the  application  of  magnesium  nitride  as 
a  dehydrating  agent  in  inorganic  and  organic  synthesis  and  in  the 
rubber  industry  [65].  The  negative  effect  of  the  formation  of 
magnesium  nitride  in  magnesium  alloys  is  well  known  [73],  where  it 
increases  the  porosity  and  sharply  reduces  the  mechanical  properties, 
especially  the  resilience,  both  at  room  temperature  and  also  at  high 
temperatures;  however  a  noticeable  effect  on  the  workability  of  alloys 
by  pressure  and  their  aging  processes  has  not  been  found. 

Calcium  nitrides.  The  section  of  the  phase  diagram  of  the 
calcium-nitrogen  system  in  the  region  of  alloys,  rich  in  calcium, 
is  shown  in  Fig.  39  [77]. 
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Fig.  39.  A  section  of  a  phase 
diagram  cf  ca-N  system. 


In  the  calcium-nitrogen  system  the  presence  of  three  compounds 
has  been  established  -  Ca^N?,  Ca^N^  and  CaNg. 

The  Ca,^  exists  in  three  versions:  a,  3  and  y  [1025,  1072]. 

The  low-temperature  version,  black  in  color,  g-Ca^Ng  is  formed 
at  a  temperature  higher  than  350°C  by  the  interaction  of  nitrogen  and 
ammonia  with  metallic  calcium,  changes  at  a  temperature  of  700°C 
into  a-Ca^Nj,  where  the  transition  is  possible  only  in  one  3  a 
direction  [263].  The  interaction  of  calcium  with  nitrogen  already 
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begins  at  room  temperature,  and  upon  heating  the  reaction  proceeds 
very  rapidly  and  explosively.  The  normal  temperature  for  obtaining 
g-Ca^N2  is  450°C,  at  which  the  calcium  is  held  in  a  stream  of 
purified  nitrogen  for  a  period  of  3-4  h  [24],  The  presence  of  oxygen 
in  the  calcium  sharply  inhibits  the  nitridation  process  and  increases 
the  temperature  of  the  beginning  of  nitridation  due  to  the  poor  gas  * 
permeability  of  the  calcium  oxide  film.  Conversely,  the  presence  of 
even  a  small  admixture  of  sodium  assists  nitridation,  since  the 
sodim  prevents  the  formation  on  the  calcium  of  a  continuous  nitride 
film.  In  the  nitridation  of  calcium  by  ammonia  along  with  the 
nitride  there  is  also  obtained  a  certain  amount  of  calcium  hydride. 

It  was  found  that  g-Ca^^  has  a  pseudohexagonal  structure;  the 
density  is  2; 67  g/cm^. 

The  average-temperature  brown  modification  a-Ca^Nj,  existing  in 
a  temperature  interval  of  700-1050°C,  has  a  cubic  lattice  of  the 
anti-Mn20^  type;  its  density  is  2.64  g/cm^  [1072], 

The  existence  of  the  high-temperature  yellow  version 
was  first  indicated  by  Moissan  [264,  265],' then  confirmed  by  other 
authors  [77,  266,  268,  269];  it  was  investigated  in  detail  In  [270], 
The  y-Ca^I^  phase  has  a  rhombic  structure;  its  density  Is  2.63  g/cm^. 
It  is  formed  by  the  nitridation  of  calcium  at  temperatures  higher  than 
1050°C  with  subsequent  rapid  cooling,  i.e.,  by  condensation  from  the 
vapor  phase.  The  formation  of  y-Ca^Ng  proceeds  especially  intensively 
with  the  introduction  of  heated  calcium  into  nitrogen  at  1200-1300°C 
and  with  rapid  (practically  instantaneous)  cooling.  Good  results 
are  given  by  the  nitridation  of  calcium  in  a  boat  of  fired  A120^; 
the  carrying  out  of  the  process  in  boats  of  other  materials  causes 
the  formation  of  by-products  (in  iron  and  steel  -  calcium  cyanamide, 
and  in  boats  of  silica  -  calcium  silicate).  Upon  heating  to  900°C 
the  sudden  transition  of  y-Ca^^  to  a-Ca^I^  occurs.  This  transition, 
as  well  as  the  transition  g  -*■  a,  is  possible  only  in  one  direction, 
I.e. ,  y  **  a. 
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Calcium  nitride  is  stable  upon  heating  and  melts  without 
decomposition  at  a  temperature  of  1195°C.  It  is  obvious,  that  this 
pertains  to  y-Ca^N^  or  most  likely  to  a  mixture  of  the  a-  and  y- 
phases,  which  were  most  frequently  produced  in  early  operations  by 
the  nitridation  of  calcium  (for  example,  to  the  high-temperature 
product  of  nitridation,  having  a  yellowish-golden  color;  a  cubic 
lattice  of  the  anti-MngO^  type  was  assigned  [29]).  Zhukov  [63] 
assumed  that  the  upper  boundary  of  temperature  stability  of  calcium 
nitride  was  a  temperature  of  1250°(J. 

The  molar  heat  capacity  of  calcium  nitride  (g-Ca^N^,  according 
to  Kelley  [38],  in  the  interval  298-800°K  is  expressed  by  the  tempera¬ 
ture  dependence  =  20.44  +  22.0*10“^  T  cal/mole *deg;  a  somewhat 
different  expression  is  given  in  [76]. 

Calcium  nitride  is  decomposed  by  water  with  the  formation  of 
Ca(OH)2  and  ammonia;  it  is  also  decomposed  by  weak  mineral  acids;  it 
is  insoluble  in  alcohol. 

According  to  [24l],  the  solubility  of  calcium  nitride  Ca^Ng  in 
LiCl  varies  within  the  temperature  limits  of  625-720°C  from  0.068  to 
O.O85  moles  of  nitride  per  1  mole  of  molten  LiCl,  which  is 
substantially  less  than  the  solubility  of  lithium  nitride  in  molten 
salts  (see  page  22). 

The  nitride  Ca^N^  (pernitride)  is  obtained  by  heating  calcium 
amide  in  a  vacuum  [6],  and  the  compound  CaNg  -  an  azide,  is  obtained 
only  from  aqueous  solutions. 

Strontium  nitrides.  In  the  strontium-nitrogen  system  the 
following  compounds  are  known:  Sr^N  (subnitride),  Sr^^,  Sr^N^ 
•(pernitride)  and  SrNg  (azide). 

Strontium  subnitride  Sr9N  is  obtained  by  the  decomposition  in 

c  -2 

a  vacuum  at  a  pressure  of  the  order  of  10  mm  Hg  and  at  a  temperature 
of  400-500°C  the  nitride  Sr^Ng  in  the  course  of  1-2  h  [8l].  In  turn 
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the  nitride  Sr^N,,  wiii  be  formed  by  heating  metallic  strontium  in  a 
medium  of  nitrogen  or  ammonia;  nitridation  begins  at  380°C.  This 
nitride  can  also  be  obtained  by  the  decomposition  of  the  azide 
SrNg  in  a  vacuum. 

The  methods  and  condition  of  obtaining  strontium  pernitride 
Sr^Nj,  were  investigated  in  detail  in  the  work  [82].  By  the  action 
on  strontium  at  normal  or  reduced  pressure  of  ammonia  (^10  mm  Hg) 
strontium  hexammine  SrCNH^Jg  with  a  golden  color  will  be  formed, 
which  spontaneously  decomposes  at  normal  temperature  with  the 
liberation  of  ammonia  and  hydrogen,  being  converted  in  the  compound 
Sr(NH2)2  with  a  white  color;  the  latter  at  500°C  decomposes  with  the 
liberation  of  ammonia,  yielding  yellow-colored  SrNH.  Upon  heating 
in  a  high  vacuum  this  sequence  of  reactions  is  suppressed  by  the 
direct  decomposition  of  the  hexammine  to  the  pernitride 

3Sr(NH,),  -  SrJNt  +  I4NH,  +  6H, 


or 


3Sr(NH,),  =»  SrJK.  -f  2NH,  +  3H,. 

The  second  path  is  more  preferable,  since  the  more  rapid  evacuation 
of  smaller  volumes  of  gases  occurs,  but  it  is  two-phase  and  less 
productive  with  respect  to  weight  yield. 

Before  nitridation  of  raw  strontium  is  purified  by  vacuum 
distillation  at  a  temperature  of  675-870°C,  after  which  in  a  special 
apparatus  by  the  action  of  ammonia  on  strontium  the  hexammine  is 
obtained,  which  decomposes  in  the  course  of  two  days  to  the  amide. 

The  latter  decomposes  in  a  vacuum,  however  at  a  temperature  of  400°C 
the  product  of  decomposition  contains  about  6$%  pertnitride;  a 
further  increase  in  temperature  leads  to  its  decomposition  with  the 
formation  of  free  strontium.  The  maximum  content  of  pernitride,  which 
it  was  possible  to  obtain  in  the  products  [82],  does  not  exceed  70% , 
the  remainder  is  the  impurity  SrNH. 
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The  azides  SrN^  or  Sr(N^)2  analogous  to  barium  azides  are 
obtained  by  preparative  methods. 


Strontium  subnitride  is  a  black-color  powder.  The  measurements 
of  its  magnetic  susceptibility,  conducted  in  work  [83]  (Table  39), 
led  to  the  conclusion  about  its  metallic  nature.  The  metallic 
bond  in  the  lattice  is  provided  by  one  of  the  four  electrons  of 
strontium  atoms,  uncompensated  by  their  bond  with  trivalent  nitrogen. 


Table  39.  The 
temperature  depen¬ 
dence  of  the  molar 
magnetic  suscepti¬ 
bility  of  stron¬ 
tium  nitrides . 


Temperature 

oc 

Molar  magnetic 
susceptibility 
xlO6 

Sr.N, 

Sr,N 

20 

279 

155 

10O 

250.3 

145 

200 

250,3 

Ilf 

The  increased  paramagnetism  of  Sr^N^  not  agreeing  with  the 
concepts,  according  to  which  this  compound  should  be  diamagnetic,  is 
explained  [83]  by  the  presence  in  the  preparations  of  iron  impurities 
the  content  of  which,  apparently,  was  sharply  decreased  in  the 
vacuum  production  from  Sr^N2  of  subnitride  Sr2N. 

The  measurements  of  the  magnetic  properties  of  the  pernitride 
[82]  showed  the  insignificant  paramagnetism  of  this  compound:  the 
effective  magnetic  moment  (in  Bohr  magnetons)  ^0.30  at  90°K  to 
^0.60  at  673°K.  The  obtained  data  [82]  attest  to  the  salt-like, 
ionic  character  of  Sr^N^.  Two  hypotheses  are  advanced,  explaining 
the  anomalously  small  value  of  y 5^,^,  1  a)  the  presence  of  anti¬ 
parallel  and  mutually  compensated  spin  angular  momentum  and  orbital 
moment  (in  this  case  the  interaction  should  be  little  affected  by 
an  increase  in  temperature),  b)  the  existence  of  temperature- 
dependent  equilibrium:  Njj  (diamagnetic)  £2N2  (paramagnetic), 
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severely  shifted  in  the  direction  of  a  dimeric  ion.  The  authors 
consider  the  second  assumption  less  probable. 

Strontium  subnitride  reacts  with  water  according  to  equation 

[81] 


Sr,N  4-  4H.0  =  2Sr  (OH),  +  NH,  +  V=H,. 


It  is  rapidly  decomposed  by  mineral  acids  with  the  formation  of 
the  corresponding  salts. 

Strontium  nitride  Sr^N2  is  stable  compound;  it  melts  at  a 
temperature  of  1027°C,  it  decomposes  in  a  vacuum  with  the  formation 
of  the  subnitride. 

Strontium  azide  SrNg  is  a  nonstable  compound,  readily  giving  up 
nitrogen  with  the  formation  of  Sr^Ng,  decomposing  explosively  upon 
heating  to  169° C.  When  shocked  a  weak  flash  occurs,  accompanied  by 
the  emanation  of  a  flame.  The  azide  will  be  formed  by  an  endothermic 
reaction  with  the  absorption  of  heat  in  the  amount  of  49  kcal/mole. 

Barium  nitrides.  In  the  barium-nitrogen  system  the  existence 
of  four  compounds  is  revealed  -  the  subnitride  Ba2N,  the  nitride 
Ba^N2,  the  pernitride  BaN2  and  the  azide  Ba(N^)2.  There  are  also 
indications  of  the  existence  the  barium  pernitride  Ba^N^  [999],  which 
is  obtained  by  the  decompoistion  of  barium  azide  BaCN^g. 

Barium  subnitride  Ba0N  is  obtained  analogous  to  strontium 

<-  o 

subnitride  [8l],  by  the  decomposition  of  Ba^N2  in  a  vacuum  (10 
mm  Hg)  at  a  temperature  of  450-500°C  in  the  course  of  1-2  h  according 

to  the  reaction  4Ba0N„  =  6Ba0N  +  N0  +  35.2  cal. 

3  c  2  2 

Barium  nitride  Ba^N,,  is  prepared  by  heating  metallic  barium  in 
air  at  temperatures  of  260-600° C  (nitridation  is  most  conveniently 
at  450°C  in, the  course  of  3-4  h)  [24]. 
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Barium  pernitride  BaNg  is  obtained  [8l].by  the  interaction  of 
the  nitride  Ba^Ng  with  nitrogen  at  a  temperature  of  400-500°C  and 
a  pressure  of  200-320  at,  and  also  by  the  decompostion  under  the 
same  conditions  of  barium  azide  [8l,  85]. 

The  azide  Ba(Ng)2  will  be  formed  by  the  interaction  of  barium 
hydroxide  with  hydrazoic  acid  HN^  [1,  24,  86,  87] 

2NaN,  -f  2H*SO* «  2NaHSO«  +  2HN„ 

2HN,  +  Ba(OH),  =  Ba(Ns),  +  2HsO. 

Barium  subnitride  (a  powder  of  black  color),  like  strontium 
subnitride,  is  a  metal-like  compound  with  a  specific  electrical 
conductivity  of  the  order  of  10“2  n“^*cm“'J'  [81,  83]*  It  is  assumed 
that  the  metallic  nature  is  determined  by  a  spare  electron,  remaining 
after  the  formation  of  the  compound  between  the  two  barium  atoms  (4 
electrons)  and  nitrogen  atom  (3  electrons).  However,  the  operation 
of  the  electrons  on  the  bond  between  the  barium  atoms  In  the  crystal 
lattice  is  not  considered  at  all,  which  also  causes  the  relatively 
high  electric  resistance  of  the  compound  with  the  preservation  of 
the  negative  coefficient  of  electrical  conductivity,  characteristic 
for  metals. 

Barium  subnitride  is  decomposed  by  acids  and  water  with  the 
formation  of  barium  hydroxide  and  ammonia. 

Barium  nitride  Ba^N2  is  black  crystalline  powder  with  a 
pseudohexagonal  structure;  it  is  stable  under  normal  conditions;  it 
is  decomposed  upon  being  heated  in  a  vacuum;  reacts  with  hydrogen  (at 
300°C),  and  with  carbon  monoxide  (at  700-750°C);  it  is  decomposed 
by  water  in  cold  with  the  formation  of  barium  hydroxide  and  ammonia. 
The  pernitride  Ba^N^  is  decomposed  by  water,  HNO^,  and  air  [999]. 

Barium  azide  is  unstable;  it  decomposes  explosively  at  219- 
225°C:  upon  being  shocked  under  normal  conditions  it  yields  a  weak 
flash  with  a  flame;  it  has  a  monoclinic  crystalline  structure  of  the 
KCIO^  type. 
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2.  Metal  Nitrides  of  the  Zinc  Subgroup 


Zinc  nitrides.  Nitrogen  does  not  dissolve  in  solid  and  liquid 
zinc  [89-91].  Zinc  forms  two  compounds  with  nitrogen  -  the  nitride 
Zn^N2  and  the  azide  ZnCN^^  [ZnNg]. 

Zinc  nitride  Zn^N2  is  obtained  by  heating  zinc  (or  zinc  vapors) 
to  incandescence  in  a  stream  of  ammonia  for  17  h  at  a  temperature 
of  500°C,  then  for  8  h  at  550°C  and  16  h  at  600°C  (see  also  [1073]). 
Under  these  conditions  zinc  converts  to  nitride  without  melting; 
about  2%  of  the  zinc  is  driven  off  (is  lost  with  the  stream  of 
ammonia)  [24,  92].  In  producing  the  nitride  at  600°C  it  slowly 
decomposes  which  causes  the  formation  of  a  product,  depleted  by 
nitrogen,  to  which  can  be  ascribed  the  formula  Zn^N^nZn  [93-95]. 
According  to  Hartung  [50],  who  heated  zinc  dust  in  ammonia  for  0.5 
h,  the  temperature  zone  of  the  formation  of  stoichiometric  nitride 
is  very  narrow  (Fig.  40),  therefore  it  is  necessary  to  precisely 
maintain  the  temperature  regime.  Thus,  Bently  and  Sterne  [97],  in 
nitriding  zinc  dust  with  ammonia  at  650°C  (for  30  mi^  produced  the 
nitride  with  a  yield  of  36.8?.  This  is  explained  by  the  admixture 
of  free  zinc  in  the  nitride,  produced  under  the  above-cited  condition 
[92],  which,  however,  is  driven  off  at  600°C. 


Fig.  40.  The  temperature  dependence 
of  the  absorption  of  nitrogen  by 
zinc . 


Another  method  of  preparing  the  nitride  Zn^N2  is  by  the 
decompostion  of  zinc  amide  at  200° C  [96] 


3Zn(NHj)a  =  Zn,N,  +  4NH„ 


and  also  by  the  heating  of  zinc  cyanide  with  ammonium  nitrate  [62] 
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3Zn(CN)j  +  12NH*N0,  -  ZnjN,  f  6C0,  +  14N,  +  24HtO. 


According  to  [98],  zinc  nitride  is  prepared  by  heating  a 
mixture  of  calcium  nitride  with  zinc  powder  at  700-800°C. 

Zinc  nitride  is  formed  by  the  electrolysis  of  water  with  a 
suspension  of  ammonium  chloride,  using  a  zinc  anode  and  a  platinum 
cathode  [99].  The  porous  mass  formed  (the  specific  weight  is 
4.6  which  is  lower  than  the  density  of  the  nitride,  equal  to  6.22 
g/cmJ)  liberates  upon  heating  nitrogen  and  a  certain  amount  of 
hydrogen  which  makes  it  possible  to  assume  the  formation  of  a 
compound  of  the  amide  type,  but  not  pure  nitride. 

Certain  works  [100-101]  have  been  dedicated  to  producing  zinc 
nitride  by  passing  an  electric  spark  between  zinc  electrodes  in  a 
nitrogen  medium.  The  device,  used  for  preparing  zinc  nitride  in 
[101],  is  shown  in  Pig.  4l.  In  glass  tube  A  there  Is  placed 
platinum  cathode  B,  sealed  In  the  glass.  Moveable  anode  C  is  made 
from  zinc  or  another  metal,  whose  nitride  it  is  desired  to  produce. 
The  distance  between  the  anode  and  the  cathode  is  regulated  by 
turning  plug  D,  equipped  with  a  screw  thread.  The  plug  is  packed 
with  mercury  in  can  S.  The  lateral  tubes  F  and  G  are  used  for 
collecting  the  nitride,  forming  in  the  lower  part  of  the  reaction 
tube.  Into  the  lower  part  of  tube  A  liquid  nitrogen  is  fed  and  an 
arc  is  created.  The  zinc  and  nitrogen  vapors  are  heated,  the 
formation  of  the  nitride  occurs,  which  Is  rapidly  cooled  by  the 
surplus  of  liquid,  surrounding  the  arc.  A  mixture  1  volume  of 
nitrogen  with  9  volumes  of  argon  is  used  which  increases  the  rate  of 
consumption  of  the  zinc  electrode. 

Zinc  azide  Zn(N^2  analogous  to  the  azides  of  the  alkaline- 
earth  metals  is  produced  by  indirect  methods  [1,  93- 
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Pig,  41.  A  device  for  producing  zinc 
nitride . 


Zinc  nitride  Zn3N2  is  powder  of  black-gray  color;1  it  has  a 
cubic  lattice  of  the  anti-Mn2C>3  type,  with  a  lattice  constant  of 
0.74^  ±  0.005  A  [102],  The  molar  heat  capacity  in  the  interval 
298-800°K  can  be  calculated  by  the  equation  *  19.93  +  20.80*10  ^ 
T  (cal/mole*deg)  [38].  According  to  [103] >  it  is: 


Temperature,  °C .  25  100  30G  419.6 

Cp,  cal/mole.deg .  26.10  27.62  31.84  34.46 


The  nitride  is  a  semiconductor  (Figs.  33,  42)  with  a  resistance 
at  room  temperature  of  4.5*10^  Q’Cm  and  a  width  of  the  forbidden 
zone  of  0.09  eV  (Fig.  42,  [33]). 


Fig.  42.  The  electric  resistance  of 
nitrides  of  certain  metals  [33]. 


Upon  heating  in  a  vacuum  the  nitride  is  decomposed  to  zinc  and 
nitrogen  at  300°C,  at  atmospheric  pressure  -  at  700-750°C.  It  is 


lThe  nitride,  prepared  by  the  decomposition  of  amides,  has  a 
greenish  color. 
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decomposed  by  water  with  the  formation  of  ammonia  and  zinc  hydroxide 
[96] ,  by  dilute  acids  with  the  formation  of  ammonia  and  zinc  salts. 

In  air  it  is  rather  stable  [92], 

The  azide  is  a  highly  endothermic,  unstable  compound,  more 
explosive  than  even  the  azides  of  the  alkaline-earth  metals  [1]. 

Cadmium  nitrides  [1026],  Nitrogen  does  not  dissolve  up  to  a 
temperature  of  400°C  neither  in  solid  nor  in  liquid  cacmium  [89]. 

As  for  zinc,  there  are  known  for  cadmium  the  nitride  Cd^N2  and 
the  azide  Cd(N^)2. 

The  production  of  cadmium  nitride  Cd~N2  by  the  nitridation  of 
metallic  cadmium  by  ammonia  is  inhibited  due  to  the  high  volatility 
of  cadmium  oxide  and  its  difficult  reducibility  to  metal.  Therefore 
for  the  preparation  of  cadmium  nitride  the  decomposition  of  the 
amide  in  a  vacuum  is  usually  used  at  l80°C  for  36  h  [106,  107,  24] 

3Cd(NH,)3  *  Cd,N,  4NHa. 

The  increase  in  the  temperature  of  decomposition  causes  the  dissocia¬ 
tion  of  the  nitride. 

Attempts  were  made  to  produce  cadmium  nitride  by  the  electrolysis 
analogous  to  zinc  nitride  [99]. 

Cadmium  nitride  is  a  black  crystalline  substance  with  a  cubic 
structure,  isomorphic  to  anti-MngO^;  the  lattice  parameter  is  a  - 
=  10.79  +  0.02  A;  there  are  16  atoms  in  the  unit  cell  [102].  It  is 
very  unstable;  upon  heating  it  decomposes  at  320°C;  in  air  it 
decomposes  with  the  formation  the  oxide;  it  1*  explosively  decomposed 
by  water. 

The  azide  CdCN^g  is  still  less  stctDle  than  the  nitride,  and  It 
explodes  upon  heating. 


Mercury  nitrides.  Mercury  forms  with  nitrogen  the  nitride 
Hg^N2  and  the  azides  HgO^^  and  Hg^N^g.  The  compound  Hg^N2  is 
produced  by  passing  ammonia  over  yellow  mercury  oxide  heated  to 
100-150°C  or  by  the  indirect  path  from  the  compound  NHg2J  [108,  109, 
6]. 


The  azides  are  also  produced  by  indirect  methods,  in  particular 
by  the  rapid  precipitation  from  highly  concentrated  aqueous  solutions 
HgCNO^-p  or  HggCNO^).}  with  the  help  of  NaN^,  After  centrifuging 
the  residues  of  Hg(N^)2  or  Hg^N^^  are  repeatedly  washed  with 
alcohol  and  dried  in  a  vacuum  [107*!]. 

The  nitride  Hg^Ng  is  powder  of  brown  color;  it  is  extremely 
explosive;  the  azides  have  a  white  color  and  are  somewhat  less 
explosive;  they  dissociate  readily. 

An  investigation  of  the  infrared-spectra  cf  the  azides,  carried 
out  in  work  [1074],  showed  that  in  HgCN^^  the  azide  groups  are 
mutually  '•twisted”  (the  symmetry  is  C2),  and  in  Hg^N^)-.,  form  the 
highly  symmetric  trans-form  (C2h). 

The  properties  of  the  metal  nitrides  of  the  zinc  s  dogroup  are 
given  in  Table  40. 


Table  40.  The  properties  of  metal  nitrides  of  the 
zinc  subgroup. 


Characteristic 

Zn,N, 

ZniN,), 

.  Cd,N, 

Cd(N,), 

|  Hf.N,  j 

n..m. 

Nitrogen  content,  wt.  $ 

12,41 

Cubic 

56,22 

7,67 

Cubic 

43,28 

4,45 

17  32 

Crystal  lattice 

0 

‘  U«21 

— 

[102) 

— 

— 

-  * 

Lattice  constant,  A 

9.74, 

1102] 

— 

10.7, 

(102) 

— 

— 

— 

Sp8oifio  weight: 
pyonometric 

6,22 

(102)' 

6,85 

(102) 

— 

— 

— 

roentgeno graphi o 

Temperature  decomposition 

6,60 

•1102] 

It 

7,67 

(102) 

It 

" 

oc 

700 — 750 

explodes 

320 

explodos 

_ 

Heat  formation,  koal/mole 
koal/mole 

5,3 

(1041 

—50,8 

(105) 

— 38,6 

i»r 

-106,2 

[9) 

— 

-100(84) 

Heat  oapaoity, 
oal/mole.deg 

26,10 

1103) 

- ' 

Specific  eleotrio  resis¬ 
tance. 

4,5.10* 

A 
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CHAPTER  V 


NITRIDES  OF  TRANSITION  METALS 

1 .  Nitrides  of  the  Rare-Earth  Metals  (Scandium, 
Yttrium  and  the  Lanthanides) 


Scandium  nitrides.  The  most  complete  investigation  of  the 
conditions  of  the  formation  and  certain  properties  of  scandium 
nitride  ScN  was  carried  out  in  the  work  by  Friederich  and  Sitting 
[110]. 


In  attempting  to  obtain  scandium  nitride  in  a  stream  of  nitrogen 
by  the  reduction  of  scandium  oxide  with  carbon  at  a  temperature 
higher  than  1300°C  a  product  is  formed,  containing  only  15$  nitride. 
Upon  adding  10%  ferric  oxide  to  the  initial  charge  the  nitride  content 
increases  somewhat.  A  still  more  favorable  effect  is  rendered  by 
the  addition  of  a  10$  mixture  of  Na2CC>3  +  2|c  to  the  initial  charge 
that  increases  the  nitride  content  in  the  reduction  of  product  to 
95-96$  (22.6$  nitrogen  and  4.5  Sc2C>3,  insoluble  in  HCl). 

The  pure  nitride  is  produced  at  a  temperature  of  1700-l800°C  in 
a  stream  of  well  purified  nitrogen  according  to  the  reaction  [110] 

ScA  f  3C  +  N,  -v  2 ScN  +  3CO. 


The  temperature  regime  was  checked  in  [456,  467],  in  which 
chemically  pure  scandium  oxide  was  mixed  with  carbon  black  and 
reduced  in  a  stream  of  nitrogen  at  temperatures  of  l400-2000°C. 
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As  follows  from  the  data  of  Table  4i,  nltrluation  begins  at  a 
temperature  of  1400°C.  However  a  sharp  increase  in  the  nitrogen 
content  occurs  at  l600°Cj  for  complete  reduction  of  ScgO^  & 
temperature  of  1900-2000°C  is  necessary.  The  products  obtained  here 
have  a  composition,  expressed  by  the  formula  ScNq  .964-0 .970’ 
products  are  contaminated  with  carbon  and  oxygen  impurities.  The 
application  in  the  charge  composition  of  carbonate  ammonium  as  a 
loosener,  facilitating  the  access  of  nitrogen,  somewhat  activates 
the  nitridation  process  at  temperatures  of  l600-1700°C.  But  since 
for  complete  reduction  of  scandium  oxide  it  is  necessary  to  raise  the 
temperature  to  l800-2000°C,  then  in  the  final  analysis  the  addition 

of  carbonate  ammonium  is  inexpedient.  A  product  of  the  composition 
ScN_  Q7n  has  a  cubic  face-centered  lattice  with  a  cell  constant  of 

a  =  4.499  +  0-.002  A.  It  is  necessary  to  note  that  the  obtained 
nitride  has  a  better  composition  than  the  nitride,  formed  by  the 
method  of  [111],  however,  it  nevertheless  is  a  solid  solution  with  a 
concentration  of  about  1.2%  ScC  in  ScN. 


Table  41,  The  composition  of  the  reaction  products  of  Sc20^  +  3C  + 
+  N2  =  2ScN  +  3CO  (reaction  time  2  h). 


£ 

3 


MOO 

1600 

1700 

1800 


1900 

2000 


Chemical  composition 


Without  the  addition  of  (NH4)2C03 


75.68 

76,39 


76,81 

76,41 


n 

3 


16,71 

20,59 

21,18 


22,05 

22,75 


0,87 

0,70 


0,40 

0,23 


0.07 

Not 

detec¬ 

ted 

The 

same 


J 


0,80 

0,70 


0,40 

0,23 


X 


2,54 

0,39 


Not 

detec¬ 

ted 

The 

same 


With  the  addition  of  (NH^gCOg 


20 

§ 

X 

2 

# 

3 

_ 

2,48 

_ 

_ 

— 

76,75 

20,58 

1.8 

1.1 

99,48 

76,15 

21,07 

2,15 

J  .38 

99,16 

76,52 

21,80 

0,70 

Not 

III60 

99,26 

76,80 

22,15 

0,42 

The 

same 

99,39 

76,52 

22,62 

0,25 

i» 

6 

J 


0,7 

0,77 

0,70 


0,42 

0,25 


S 


I 


2  a 


<d 

1  § 

1-aS 

h  S<1jj  o° 

IbS 

iSo5.o 


0.40' 

0,30 

Not 

?8}ac- 

The 

same 


99,53 

99,64 

99,02 


99,37 

99,39 


S*No,j« 

ScN'cjy 

SeNj.wj 


#With  the  presence  of  SCpO-  in  the  samples  its  content  is 
included  in  the  total.  ■ 
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In  this  work  [4671  the  possibilities  of  preparing  the  nitride  by 
the  direct  nitridation  of  metallic  scandium  were  studied.  The 
results  of  the  nitridation  of  metallic  scandium  (Table  42),  indicate 
that  the  interaction  of  scandium  with  nitrogen  begins  at  a 
temperature  of  500°C;  at  1000°C  the  nitrogen  content  attains  a 
value,  practically  not  varying  with  a  further  increase  in  temperature. 
The  total  scandium  and  nitrogen  content  does  not  attain  values, 
exceeding  the  scandium  content  in  the  initial  metal,  i.e.,  the  oxygen, 
located  in  the  metal,  remains  completely  in  the  nitridation  product. 
The  ratio  of  the  scandium  and  nitrogen  content,  neglecting  the 
presence  of  oxygen,  corresponds  to  the  formula  ScNQ  ^22,  however  in 

practice  oxynitride  will  be  formed  in  this  case,  responding  to  the 
approximate  formula  ScNQ  q6*  T^e  oxynitride  has  a  cubic 

face-centered  lattice  with  a  parameter  of  a  =  4.503  +  0.005  A. 


Table  42.  The 
results  of  the 
nitridation  of  metal¬ 


lic  scandium*. 


Conditions 

of  nitride- 
tion  , 

Chemioal  compo¬ 
sition  of  the 
nitridation 
products,  % 

Tem¬ 

pera¬ 

ture, 

Time, 

h 

Sc 

I - 

N 

Total 

500 

1 

1,18 

600 

1 

1,26 

— . 

700 

1 

— 

1.83 

— 

800 

1 

— 

3,22 

-  • 

900 

0.5 

— * 

8,85 

— 

900 

1 

9,25 

— 

900 

2 

— 

9,45 

— 

900 

4 

— 

14,75 

— 

1000 

1 

77,98 

20,11 

98,09 

1000 

2 

78,19 

20,18 

58,37 

1003 

4 

78,48 

20,15 

93,63 

1100 

i 

77,27 

20,63 

97,95 

1200 

0,5 

77,71 

20,70 

98,41 

1200 

1 

78,05 

20,63 

98,68 

1200 

2 

77,30 

20,75 

93,05 

1300 

0.5 

77,93 

20,45 

93,43 

1300 

1 

77,43 

20,83 

98,28 

13)0 

4 

77,05 

20,75 

98,80 

1400 

0.5 

77,85 

20,42 

98,27 

1400 

1 

78,02 

20,85 

95,87 

♦The  calculated 
oomoosition  of  SoN  is: 

So  «  76.24%,  N  .  23.76%, 
total  -  icojS. 
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after  which  rapid  oxidation  begins,  which  is  finally  completed  at 
1200°C  (Table  43)  [466]. 


Table  43. 
The  varia¬ 
tion  in  the 
nitrogen 
content  in 
scandium 
nitride 
during  oxi¬ 


dation  in 
air* . 


&? 

ll 

Time  of 
oxida¬ 
tion,  h 

Nitrogen 

content, 

% 

1  o 

•H  4»  * 

m  „  w 

c  CO 

2  o  oj 

U  >TiO 

6-i  4*  C/5 

300 

1 

22,15 

0 

300 

2 

21,98 

0 

400 

1 

21,95 

0 

400 

2 

22,02 

0 

500 

1 

22,10 

0 

500 

2 

22.13 

0 

600 

1 

22.05 

0 

600 

2 

21,86 

0 

700 

1 

13,14 

40.02 

700 

2 

9,02 

53,9 

700 

4 

5,87 

73,3 

700 

6 

2,05 

90,7 

800 

1 

1,16 

94,7 

800 

2 

0,65 

97.0 

900 

1 

0,99 

93,1 

900 

2 

0,42 

95,5 

1000 

1 

0,57 

97,4 

1000 

2 

0,49 

97,7 

1100 

1 

0.13 

99,4 

1100 

2 

Not 

deteo- 

100 

1200 

1 

|hga 

100 

1200 

2 

9  9 

100 

•Tha  conte.-it  in 
the  original  powder 
"as  N.  22.12%. 


The  chemical  properties  were  studied  for  scandium  nitride  powders 
with  the  composition  ScNq  [466,  612]  and  for  compact  samples, 
prepared  by  the  hot  pressing  of  the  nitride  in  graphite  molds  in  an 
argon  medium,  with  respect  to  the  conditions,  given  in  Table  44.  As 
can  be  seen  from  these  data,  the  nitrogen  content  in  the  sintering 
process  practically  did  not  vary;  the  residual  porosity  of  the  samples 
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1  was  from  14  to  30JS.  The  data  on  the  stability  of  scandium  nitride 
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powder  in  concentrated  and  dilute  mineral  *\cids  (Table  45)  show 
that  the*  nitride  is  completely  decomposed  by  all  acids,  with  the 
exception  of  sulfuric,  which  also  decomposes  rather  rapidly.  The 
nitride  is  stable  in  cold  and  hot  water;  it  is  decomposed  by  an 
NaOH  solution,  where  the  rate  and  completeness  of  the  decomposition 
increase  with  the  increase  in  the  concentration  of  the  alkaline 
solution  (Table  46).  Compact  samples  of  the  nitride  (Table  47) 
behave  in  boiling  mineral  acids  like  powder,  only  in  sulfuric  acid 
they  decompose  very  slowly.  The  stability  of  compact  samples  in 
boiling  NaOH  solutions,  where  the  tendency  toward  a  reduction  in 
stability  with  an  increase  in  alkaline  concentration  noticeably 
smoothes  out  (Table  48). 


Table  44.  Condi¬ 
tions  for  sinter¬ 
ing  of  scandium 
nitride  by  hot 
pressing* _ 


1 1 
$  l 

a  is 

fl 

■5  o 

4j 

C/5 

o 

;§ss. 

If 

TJ  (0 

•rt  o 
n  t* 

©  o 

CC  Q* 

2000 

4 

21 ,78 

30,1 

2200 

2 

21.96 

24,0 

2200 

4 

21,84 

23,1 

2400 

4 

22,02 

14.4 

♦The  hot  pressing  of 
the  nitride  powder  was 
carried  out  under  a  pres¬ 
sure  of  150  kg/omz. 


y. 


**The  original  pov*» 
dar  oontained  21,98$  N, 


! 

1 


s 

3 
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Table  45.  The 
behavior  of 
scandium  nitride 
powder  in  boiling 
acids . 


Time, 

Undeoomposed  part, 

* 

!  H.SO. 

i  <!.«>  '• 

H,SO, 

0'»> 

1 

16,89 

0,52 

2 

3,84 

0,36 

3 

2,82 

0,42 

Note*  Scandium  nitride 
in  boiling  HN03 

(111),  HNO3  (1.19), 

HC1  (111)  does  not 
desompose. 


Table  46.  The 
behavior  of 
scandium  nitride 
powder  in  boiling 
alkaline  solutions. 


‘  Undeoomposed 
Time,  h  P^’  * 


10%. 

NaOH 

|  *NaOH 

1 

71,94 

26,01 

2 

71,37 

18.49 

4 

68,93 

9,59 

24 

Note:  Soandium  nitride  in 
40^-NaOH  does  not 
deoompose. 


Table  47.  The 
behavior  of  compact 
samples  of  scandium 


Note:  Soandium  nitride  in 
boiling  HNO3  (1.4), 


HNO3  (111),  HC1  (1.19), 

HC1  (111)  does  not 
decompose. 


Table  48.  The 
behavior  of 
compact  samples  of 
scandium  nitride 
in  boiling  of 
alkaline  solutions . 


Tint,  h 

Undeoomposed 
part  of  the 
sample 

1 

92,03 

85,25 

60,04 

.  2 

90,23 

81 .50- 

78,05 

4 

86,11 

78,43 

74.90 

At  room  temperature  only  nitric  acid  noticeably  affects  compact 
samples  of  scandium  nitride  (Table  49). 


Table  49.  The  behavior 
of  compact  samples  of 
scandium  nitride  in 
acids  and  alkaline 
solution.,  at  room  tem- 


- 1 

I 

t 

2. 

W  .C! 

a*^ 

a^ 

Reagent  i 

gv.  -i 

00* 

O  cH 

Reagent 

.  -  - 

sai 

to  B.  <n 

-  -1 

®4»  a 

it  i 

H^SO,  (1,84) 

100 

lOjS-NaOH  : 

1 99.34 

H,S04.(ld) 
-UNO,  (1,4) 

100 

20^-NaOH 

99,00 

21.8 

■  40^-NaOH 

98,65 

SS’Hii 

6,7 

100- 

__ 

HQ  (1:1) 

89,9 

— 

— 

In  determining  physical  properties  [466]  samples  of  the 
composition  ScNQ  prepared  by  hot  pressing  were  used. 

The  microhardness  of  scandium  nitride,  measured  with  a  load  of 
50  g,  is  equal  to  1170  +  150kg/mm^j  the  melting  point,  determined  by 
the  method,  described  in  [468],  is  equal  to  2550  +  50°C.  The 
coefficient  of  thermal  expansion  of  the  nitride,  determined  on  a 
quartz  dilatometer,  in  the  temperature  interval  20-1070°C  is 
8.68*10"^  deg-'1'. 
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The  specific  electrical  resistance  was  measured  for  several 
samples  of  the  same  composition,  but  with  different  porosity;  the 
obtained  results  were  extrapolai  ?d  the  nonporous  state  with  the 
use  of  an  approximational  formula,  which  for  investigated  samples 
had  the  form: 


Qf  =  Qu( 

where  p  and  p  are  the  resistivities  respectively  of  the  nonporous 
k  ri- 

and  porous  samples;  n  is  the  porosity  in  fractions  of  a  unit.  At 
room  temperature  the  specific  electrical  resistance  of  scandium 
nitride  is  25. 4-0.9  yfl*cm.  The  dependence  of  specific  electrical 
resistance  on  temperature,  determined  by  the  method  of  [469],  is 
given  in  Fig.  43.  In  the  temperature  interval  from  20  to  1000°C  the 
electrical  resistance  increases  linearly  with  the  temperature 
and  can  be  described  by  the  expression 

C,  =  23  ±  0.095/. 


Fig.  43.  The  temper¬ 
ature  dependence  of 
electrical  resistance 
and  thermo-emf  of 
scandium  nitride. 


The  temperature  coefficient  of  electrical  resistance  at  room 

-3  -1 

temperature  is  +3.8*10  deg 


143 


Comparing  the  values  of  the  physical  properties  of  scandium 
nitride  of  the  composition  ScNQ  determined  in  this  work  with 
source  material,  it  is  necessary  to  note  that  the  melting  point 
determined  in  work  [466]  satisfactorily  coincides  with  that  established 
earlier  (2550  and  2650°C  respectively).  Scandium  nitride  is  less 
refractory  than  the  metal  nitrides  of  group  IV  of  the  periodic  system, 
but  more  refractory  than  the  nitrides  of  the  transition  metals  of 
groups  V,  VI.  The  value  of  the  specific  electrical  resistance 
established  in  [466]  is  order  less  than  that  reported  in  [112], 
where  the  figure  308  pft*cm  is  cited.  The  linear  increase  in  the 
electrical  resistance  of  scandium  nitride  with  temperature  indicates 
the  metallic  nature  of  this  compound. 

The  thermal  coefficient  of  electrical  resistance  of  scandium 
nitride  occupies  an  intermediate  position  between  the  values  of 
those  for  the  nitrides  of  titanium  (+2.48)  and  zirconium  (+4.3)  and 
is  substantially  higher  than  those  for  tantalum  and  vanadium  nitrides 
(+0.7  and  +0.03) . 

The  thermoelectromotive  force  of  scandium  nitride  has  a  negative 
value  and  decreases  with  a  temperature  increase  which,  according  to 
[469],  primarily  indicates  the  electronic  character  of  the  on 
conductivity  of  this  compound.  Notice  is  taken  of  the  high  (for 
metallic  conductors)  absolute  value  of  the  thermo-emf  of  scandium 
nitride  (from  -20  to  -40  ug/deg)  in  the  temperature  region  of 
100-600°C  with  low  specific  electrical  resistance.  This  points  to 
the  prospect  of  using  scandium  nitride  as  a  material  for  the  negative 
arm  of  a  thermoelectric  converter  turning  thermal  energy  in 
electrical  energy.  In  comparing  the  electrical  properties  of  metallic 
scandium  nitride  with  those  for  semiconductor  of  chromium  nitride 
[326],  it  is  necessary  to  note  that  for  evaluating  the  efficiency 
factor  of  the  thermoelement  the  important  value  a  /p  (where  a  is  the 
thermo-emf,  p  is  the  specific  electrical  resistance)  is  greater  for 
scandium  nitride  than  for  chromium  nitride  CrN  (they  are  respectively 
1.45  and  1.27  in  relative  units  at  room  temperature).  The  value  of 
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the  thermo-emf  of  scandium  nitride  is  the  greatest  of  all  values  of 
thermo-emf  for  the  metallic  conducting  nitrides  of  the  transition 
metals . 

Thermal  conductivity  of  scandium  nitride  with  the  composition 
ScNq  yjQ,  measured  by  the  method  of  steady-state  heat  flow  at  room 
temperature  [470],  is  0.27  W/cm-deg.  It  is  known  that  the  thermal 
conductivity  of  a  solid,  caused  by  the  thermal  diffusion  of  free 
electrons,  is  linked  with  electrical  resistance  by  the  Wiedemann- 
Franz  law  Xp/T  -  2.45*10“®  W- ft* deg-1.  For  ScN  with  the  use  of 
established  values  of  thermal  and  electrical  conductivity  there  is 
obtained  Xp/T  «  2.34*10“®  w* ft* deg-1,  i.e.,  the  thermal  conduction  of 
scandium  nitride  is  entirely  caused  by  the  free  electrons,  and  the 
role  of  lattice  thermal  conductivity  as  compared  to  electronic 
conductivity  Is  insignificantly  small. 

Scandium  nitride  ScN  is  a  dark-blue  powder;  its  physical 
properties  are  given  in  Table  50.  At  normal  temperatures  ScN  is 
stable;  upon  heat  treating  in  air  it  is  oxidized  to  (lower 

oxides  of  scandium  have  not  been  established),  where  oxidation  occurs 
with  great  difficulty.  It  readily  dissolves  in  hydrochloric,  nitric 
and  sulfuric  acids;  upon  heating  with  sodium  hydroxide  and  fusing 
with  KOH  ammonia  is  liberated  and  decomposition  of  scandium  occurs; 
it  is  readily  hydrolyzed  by  water. 

Experiments,  conducted  in  studying  the  behavior  of  scandium 
nitride  as  an  incandescent  filament  of  an  electric  bulb,  showed  that 
it  is  completely  vaporized  In  the  course  of  1  h  [110]. 

Yttrium  nitrides .  Upon  reducing  yttrium  oxide  with  carbon  in  a 
stream  of  nitrogen  a  nitride  will  be  formed,  containing  at  a 
reduction  temperature  of  1300°C  yttrium  nitride  only  in  part,  at 
higher  temperatures  yttrium  carbide  will  be  formed,  therefore  the 
preparation  of  pure  yttrium  nitride  is  difficult. 
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Table  50.  The  properties  of  the  rare-earth  metal  nitrides. 


Stoichiomet¬ 
ric  charac¬ 
teristic 


Crystan°ohamioal 
properties 


Thermal  propertias 
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♦Under  nitrogen. 

♦♦Weak  paramagnetism,  not  depending  on  temperature. 


Pure  yttrium  nitride  was  produced  in  [113]  by  the  action  of 
nitrogen  on  yttrium  hydride  YH^  at  900°C. 

In  work  [485]  it  was  proposed  producing  yttrium  nitride  by  the 
hydrogenation  of  the  compact  metal  at  low  temperature  (350-400°C), 
which  loosens  the  surface,  with  the  subsequent  treatment  by  nitrogen 
at  a  low  excess  pressure  2-3  kg/cm  at  a  temperature  of  l400-l600°C 
(see  also  [1075] )  • 
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Yttrium  nitride  is  decomposed  by  water  with  the  formation  of 
hydroxide  and  the  liberation  of  ammonia. 

According  to  [1001],  yttrium  mononitride  is  not  a  superconductor 
at  least  higher  above  1.4°K. 

Lanthanum  nitrides.  The  first  experiments  in  producing 
lanthanum  connections  with  nitrogen  were  undertaken  by  Friederich  and 
Sittig  [110].  Lanthanum  nitride  LaN  was  obtained  by  them  by 
heating  lanthanum  oxide  with  carbon  in  a  stream  of  nitrogen.  The 
formation  of  lanthanum  nitride  begins  at  a  temperature  of  1300°C, 
and  at  1500-1700°C  lanthanum  carbide  will  form  [114],  therefore  the 
products  prepared  by  this  method  are  a  mixture  of  nitride  with 
carbide . 

Pure  lanthanum  nitride  is  produced  by  heating  of  filings  or 
shavings  of  metallic  lanthanum  in  a  stream  of  nitrogen  [115]. 

Lanthanum  filings,  prepared  in  a  medium  of  dry  helium  or  nitrogen, 
are  placed  in  a  molybdenum  boat,  set  in  a  furnace.  At  first  the 

filings  are  degasified,  by  pumping  the  reaction  space  to  a  pressure 

-5 

of  10  mm  Hg  at  room  temperature,  then  nitrogen  is  introduced  and 
the  heating  of  furnace  is  activated.  The  temperature  in  the  course 
of  1  h  is  brought  up  600°C,  at  which  temperature  the  reaction  begins. 
Subsequently  the  temperature  is  increased  to  750°C  and  held  there 
from  2  to  4  h,  then  the  temperature  is  raised  to  900°C,  and  held 
there  from  1  to  2  h.  The  full  homogenization  of  the  product  is 
attained  by  holding  it  for  20  h  at  900°C. 

Lanthanum  nitride  was  obtained  by  analogous  method  in  early 
works  [116,  117] ,  however  nitridation  was  carried  out  at  somewhat 
higher  temperatures  (100°C  higher  according  to  [115]). 

In  the  survey  [24]  it  is  reported  that  the  nitridation  of  filings 
of  metallic  lanthanum  at  a  temperature  of  red  heat  in  a  stream  of 
nitrogen  occurs  slowly:  the  nitrogen  content  in  nitridation  product 
after  15  min- is  4.4$,  after  30  min  -  6.0$.  Complete  nitridation 
with  the  production  of  LaN  (9.18$  N)  is  completed  after  2.5  h. 
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The  nitrides  of  lanthanum  and  the  lanthanides  are  obtained  by 
nitriding  the  metals  with  ammonia,  where  for  standardization  in 
subsequent  X-ray  patterns  KC1  (REM  +  3KC1)  [Translator’s  note: 

REM  is  rare-earth  metal],  was  added  to  the  metals  [119].  The 
mixtures  were  placed  in  a  quartz  tube  in  the  furnace  in  a  corundum 
boat  and  heated  in  a  stream  of  ammonia  (obtained  by  evaporating 
liquid  ammonia)  for  3-4  h  at  700°C.  The  nitride  formed  here 
practica1 ly  corresponded  exactly  to  the  formula  and  had  a  lattice 

O 

parameter  of  a  =  5*301  A  which  was  rather  close  to  the  value 
a  =  5.295  A,  [115]. 

In  work  [473]  experiments  were  repeated  for  producing  of 
lanthanum  nitride  by  direct  nitridation  of  metallic  lanthanum.  The 
source  material  was  shavings  of  9$. 5%  L~ ,  prepared  in  an  argon  medium. 
The  nitridation  was  carried  out  with  ammonia  and  nitrogen  in  the 
reactor,  described  in  [178]. 

The  results  of  the  interaction  of  the  metallic  lanthanum  with 
the  nitrogen  (Fig.  44)  indicate  that  up  to  a  temperature  of  700°C 
the  nitridation  of  lanthanum  with  nitrogen  proceeds  slowly,  at  700°C 
the  nitrogen  content  increases  immediately  to  a  value,  close  to 
stoichiometric;  with  a  subsequent  increase  in  temperature  and 
exposures  of  the  nitrogen  content  practically  does  not  vary.  It  is 
noted  that  the  temperature  of  the  complete  saturation  of  lanthanum 
with  n.  i'rogen  with  the  formation  of  LaN  within  the  limits  of  the 
accuracy  of  its  determination  corresponds  to  the  melting  point  of 
metallic  lanthanum  (826°C),  where  the  formation  of  the  nitride  is 
accompanied  by  severe  heating  of  the  reaction  mass,  analogous  to  the 
production  of  cerium  nitride  (see  p.  153  >  .  It  was  shown  that  for 
cerium  and  lanthanum  a  high  ratio  of  heat  of  formation  of  the  nitride 
phase  to  heat  of  fusion  of  the  matal  is  characteristic  (see  Table  29) 
which,  obviously,  is  the  cause  of  the  severe  heating  of  the  reaction 
mass  at  the  melting  point  of  the  metal,  and  partly  explains  the 
very  rapid  and  complete  nitridation,  oc...  "ring  with  the  melting  of 
lanthanum.  Upon  melting,  probably,  the  gas-semi-impermeable  nitride 
film  is  destroyed  which  also  accelerates  nitridation;  at  the  moment 
of  melting  the  atoms  of  the  metal  are  in  their  most  active  state. 
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Fig.  44.  The  temperature  dependence  of 
the  nitrogen  content  in  lanthanum  (h) 
(the  time  of  nitridation  is  1  h) .  1  — 

the  calculated  content  of  lanthanum  in 
LaN.  2  -  treating  lanthanum  with 
ammonia.  3  -  treating  lanthanum  with 
nitrogen. 


With  the  use  of  ammonia  as  a  nitriding  agent  the  process  of 
saturation  of  metallic  lanthanum  with  nitrogen  is  essentially  different 
from  the  preceding  case  (see  Fig.  44),  in  the  first  place,  by  the 
much  higher  rate  of  nitridation  at  low  temperatures,  and  also  by  the 
achievement  of  the  maximum  nitrogen  content  already  at  600-700°C. 

This,  obviously,  is  connected  with  the  loosening  of  metallic  lanthan or 
as  a  result  of  the  formation  and  the  decomposition  of  the  hydride 
phases,  which,  according  to  [474],  are  produced  even  at  low 
temperatures,  and  which  also  have  cubic  lattices  or  which  are 
identical,  or  close  in  type  to  the  LaN  lattice.  The  reaction  products 
with  nitrogen,  produced  at  temperatures  of  800°C  and  above,  and  also 
the  reaction  products  with  ammonia,  produced  at  600°C  and  above,  have 
a.  lattice  of  the  NaCl  type  with  a  constant  of:  a  =  5.302  +  0.002  A. 

According  to  Greenthal  [475],  for  lanthanum  nitride,  produced 
by  the  action  of  liquid  ammonia  on  lanthanum  powder  at  low  temperatures 
a  rhombic  structureQwas  revealed  with  lattice  constants  of:  a  =  5.32, 
b  =  5.30,  c  =  5.25  A.  The  pycnometric  specific  gravity  of  this 
nitride  was  equal  to  4.69  which  is  considerably  lower  than  the  specific 
gravity  of  the  nitride  LaN.  Obviously,  the  product,  obtained  by 
Greenthal,  is  a  secondary  nitride  phase  of  lanthanum  with  a  higher 
nitrogen  content  than  in  LaN. 

According  to  Kelley  [475],  the  standard  free  energy  AF  of  the 
reaction  LaN  =  La  +  1/2  N£  in  the  interval  of  temperatures  25-800°C 
is  AF  =  72,100-25.0  T,  cal/mole. 
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Lanthanum  nitride  is  a  gray  to  dark-gray  powder.  According  to 
[126],  at  temperatures  higher  than  1.8°K  LaN  does  not  manifest 
superconductivity.  However  in  the  recently  conducted  work  [479], 
where  the  superconductivity  of  lanthanum  nitride  was  more  thoroughly, 
studied,  it  was  shown  that  LaN  is  a  superconductor  with  a  diffused 
region  of  transition  between  ,vl.350K  (according  to  magnetic 
measurements)  and  ^40K  (according  to  the  beginning  of  the  anomaly  of 
heat  capacity).  The  existence  of  this  region  is  due  to  the  presence 
of  two  versions  of  lanthanum  nitride  which  to  a  certain  degree  is 
confirmed  by  the  above-cited  Greenthal  data. 

The  specific  heat  of  LaN  was  determined  in  [480]. 

Lanthanum  nitride  is  chemically  unstable;  it  is  decomposed  in- 
moist  air  with  the  liberation  of  ammonia;  it  is  somewhat  stabler  in 
cold  water  and  upon  heating  in  water  it  is  rapidly  decomposed  with 
the  liberation  of  a  large  quantity  of  ammonia  [131].  Upon  heating  in 
air  it  is  oxidized  to  lanthanum  oxide  La^-LaN;  it  readily  dissolves 
in  mineral  acids  and  alkaline  solutions.  Lanthanum  nitride  is  stable 
for  a  long  period  of  time  in  media  of  nitrogen,  argon  and  C02  [473]. 

Crucibles,  made  from  LaN,  rapidly  decompose  as  a  result  of 
hydrolysis  [120].  Researchers  [492],  who  studied  the  effect  of 
rare-earth  metals  on  the  behavior  of  nitrogen  in  liquid  iron  and 
steels,  note  the  role  of  the  formation  here  of  lanthanum  nitride. 

Cerium  nitrides.  In  the  cerium-nitrogen  system  there  has  been 
established  the  existence  of  one  chemical  compound  with  the  composition 
CeN. 


Friederich  and  Sittig  [110]  tried  to  produce  cerium  nitride  by 
the  reduction  of  cerium  oxide  by  carbon  in  a  nitrogen  medium  according 
to  the  reaction 


2CeO,  +  4C  +  N,  =»  2CeN  +  4CO. 
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However  neither  at  1250°C  nor  at  higher  temperatures  up  to  1600°C 
were  there  detected  in  the  reduction  products  of  any  noticeable 
quantities  of  cerium  nitride. 

Matignon  [121]  prepared  cerium  nitride  by  the  reduction  of  CeO^ 
by  magnesium  or  aluminum  in  a  medium  of  nitrogen  or  by  the  reduction 
of  cerium  chloride  by  sodium  in  nitrogen. 

Vournasos  [62]  produced  cerium  nitride  by  the  interaction  of 
metallic  cerium  powder  with  molten  potassium  cyanide. 

Cerium  nitride  can  be  produced  by  the  action  of  nitrogen  on 
metallic  cerium  [122],  The  nitridation  reaction  at  low  temperatures 
proceeds  slowly  [123],  but  at  850°C  it  proceeds  very  energetically 
and  is  accompanied  by  intense  heating.  With  the  use  of  oxygen-free 
nitrogen  a  product  with  a  black  color  with  bronze  iridescence  will  be 
formed . 

Certain  researchers  have  produced  cerium  nitride  by  the  action 
of  nitrogen  on  cerium  hydride  at  a  temperature  of  800-900°C  [124]. 

Cerium  nitride  is  also  prepared  by  heating  of  cerium  carbide  in 
nitrogen  or  in  ammonia  at  1250°C,  where  the  reaction  with  nitrogen 
proceeds  faster  than  with  ammonia  [125],  which  is  explained  by  the 
formation  of  a  semi-impermeable  film  of  nitride.  According  to  [1], 
cerium  also  absorbs  nitrogen  at  room  temperature,  but  very  slowly. 

As  is  reported  in  [129],  cerium  nitride  is  produced,  like  the 
nitrides  of  other  lanthanides,  by  the  nitridation  of  mixtures  of 
Ce  +  3KC1  with  ammonia  during  the  course  of  3-4  h.  However  in  [478] 
this  method  of  producing  cerium  nitride  could  not  be  reproduced  -  the 
nitridation  products  contained  only  50-60$  nitrogen  as  opposed  to  its 
content  in  Ce;  the  remaining  cerium  remained  in  the  metallic  state. 
Conversely,  compact  electrolytic  cerium  was  nitrided  well  by  ammonia 
at  800°C . 
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A  detailed  study  of  the  conditions  of  the  formation  of  cerium 

nitride  was  conducted  in  [*167,  *176]  by  the  method  of  nitriding  98$ 

metallic  cerium  in  a  stream  of  nitrogen  and  ammonia  in  a  quartz 

reactor  with  double  walls,  between  which  nitrogen  was  passed  to 

prevent  atmospheric  oxygen  from  getting  into  the  reaction  space.  As 

the  results  of  the  nitridation  of  metallic  cerium  in  a  stream  of  well 

purified  nitrogen  (Fig.  *15),  up  to  700°C  showed,  the  cerium  practically 

does  not  interact  with  nitrogen,  and  at  800°C  CeN  will  be  formed 

(during  the  course  of  0.5  h),  and  the  subsequent  increase  in 

temperature  up  to  1100°C  does  not  have  any  effect  on  the  composition 

of  the  nitridation  product.  The  X-ray  analysis  showed  that  the  nitri- t 

dat.ion  product  has  a  lattice  of  the  NaCI  type  with  a  cell  constant  of 
o 

a  =  5-023  A  which  coincides  well  with  the  tabular  data. 


Fig.  45.  The  dependence  of  the  nitrogen 
content  in  the  nitridation  products  of 
metallic  cerium  and  of  the  yield  of 
nitride  on  temperature  (the  time  of 
nitridation  is  1  h).  1  -  the  calculated 

nitrogen  content  in  CeN.  2  -  the  nitro¬ 
gen  content  in  the  reaction  products  of 
cerium  with  nitrogen.  3  ~  The  yield 
upon  interaction  with  nitrogen.  4  —  The 
nitrogen  content  in  the  reaction  products 
of  cerium  with  ammonia.  5  —  The  yield 
upon  interaction  with  ammonia. 


The  formation  of  cerium  nitride  '’spasmodically"  at  a  temperature 
of  800°C  agrees  well  with  the  data  of  work  [123],  in  which,  however, 
the  formation  temperature  of  the  nitride  is  equal  to  850°C.  It  is 
absolutely  obvious  that  this  temperature  within  the  limits  of  the 
accuracy  of  its  determination  coincides  with  the  melting  point  of 
metallic  cerium  (8l5°C).  It  is  necessary  to  assume  that  nitridation 
occurs  at  a  high  rate  upon  the  melting  of  cerium,  apparently,  due  to 
the  destruction  of  the  very  thin  and  nitrogen-semi-impermeable  of 
nitride  film  [125]  and  the  relatively  the  high  vapor  pressure  of 
cerium  at  the  melting  point.  As  was  observed  in  [123]  and  also  by 
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us  the  intense  heating  of  the  reaction  mass  with  the  formation  of 
cerium  nitride  can  be  explained  by  the  low  heat  of  fusion  of  cerium 
in  comparison  with  the  heat  of  formation  of  the  nitride  (see  Table  29). 
This  factor  also  determines  the  high  rate  of  reaction  and,  probably, 
should  be  considered  in  all  these  cases  of  nitridation,  when  on 
the  surface  of  the  metal  being  nitrided  a  gas-semi-impermeable  film 
will  be  formed.  It  is  necessary  to  note  the  similarity  of  the 
observed  effect  to  the  phenomenon  of  the  vigorous  growth  of  grains 
upon  the  sintering  of  articles  made  from  thoriated  tungsten. 

The  nitridation  of  cerium  in  a  stream  of  ammonia  already  begins 
at  a  temperature  of  100°C.  The  nitrogen  content  sharply  increases 
at  200°C;  a  nitrogen  content,  equal  to  that  calculated,  in  CeN  is 
attained  at  700°C,  subsequently  not  varying  substantially.  In  this 
case  the  cerium  is  hydrogenated  by  the  hydrogen  of  ammonia,  according 
to  [477];  the  time,  necessary  to  the  hydrogenation  of  cerium,  at 
200°C  is  minimal,  i.e.,  the  rate  of  hydrogenation  is  greatest. 

Cerium  hydride,  apparently,  prevents  the  formation  of  a  continuous 
nitride  film  on  metallic  cerium.  Furthermore,  the  replacement  of 
the  hydrogen  in  the  lattice  by  nitrogen  is  beneficial  in  a  thermo¬ 
dynamic  regard  (the  heats  of  formation  of  the  hydride  and  the 
nitride  of  cerium  are  equal  respectively  to  42.3  and  78  kcal/mole). 

The  formation  of  active  cerium  atoms  upon  the  dissociation  of  cerium 
hydride  does  not  have  substantial  importance,  since  the  pressure  of 
dissociation  of  cerium  hydrides,  at  least  up  to  700-800°C,  is  small. 

According  to  [485],  cerium  nitride  was  produced  by  the 
hydrogenation  of  the  compact  metal  at  a  temperature  of  350-400°C 
with  the  subsequent  treatment  with  nitrogen  at  1400-1600°C. 

In  dry  air  and  carbon  dioxide  at  normal  temperatures  cerium 
nitride  is  stable;  in  moist  air  it  is  rather  rapidly  oxidized  [62]. 
Under  the  effect  of  hydrogen  on  cerium  nitride  at  100-400°C  (especially 
at  200°C)  CeN  is  decomposed  with  the  formation  of  cerium  hydride  and 
ammonia. 


CeN  +  3H,  =  CeH,+  NH,. 
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With  thi0  cict^-0n  o f'  $,  inixturs  o T  nitr*CQsn  3.nd  hycii^o^sn  on  csnium 
cerium  nitride  will  be  formed,  which  according  to  the  above-cited 
equation  decomposes  with  the  formation  of  ammonia.  This  makes  it 
possible  to  examine  cerium  nitride  as  a  unique  catalyst  of  the 
process  of  binding  nitrogen  with  hydrogen  into  ammonia. 

The  interaction  of  cerium  nitride  with  water  proceeds  very 
energetically;  it  is  accompanied  by  intense  heating  up  to  700-800°C 
[131] 


2CeN  -f  4HsO  =  2CeO,  +  2NH,  +  H,. 

The  CeN  slowly  dissolves  in  an  aqueous  solution  of  KON  with  the 

formation  of  cerium  hydroxide  and  ammonia;  upon  interaction  with 
dilute  acids  dissolution  proceeds  actively  with  the  forma  ion  of 
cerium  salts  and  ammonium 


2CeN  +  iHiSO,  =  Ce;(S04),  f  (NH«)£0«. 


The  dissolution  in  certain  cases  is  accompanied  by  such  intense 
heating  that  part  of  the  liberated  ammonia  is  decomposed  into 
nitrogen  and  hydrogen. 

According  to  [126],  CeN  at  a  temperature  of  higher  than  1.8°K 
does  not  manifest  superconductivity.  The  standard  free  reaction 
energy  of  CeN  =  Ce  +  1/2  N2,  according  to  Kelley  [475],  is  equal  to 
78,000-25.0  T  cal/mole. 

The  authors  [959]  investigated  the  variation  in  the  electrical 
resistance  of  CeN  at  low  temperatures  (to  300°C).  Here  the  normal 
course  resistance  was  detected  without  any  anomalies  of  the  magnetic 
order-disorder  type.  It  was  determined  that  the  paramagnetism  of 
cerium  nitride  is  caused  by  the  Ce  ;  X  =  Xq  +  C(T-0),  where 

Xq  =  315’10  0  =  85°K,  C  =  2.75  Bohr  magnetons. 
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Praseodymium  nitrides .  Praseodymium  nitride  PrN  is  produced 
by  the  nitridatlon  of  praseodymium  at  900°C;  by  the  action  of  ammonia 
at  temperatures  up  to  1000°C  on  praseodymium  carbide;  by  heating 
praseodymium  in  a  stream  of  ammonia,  and  also  by  the  reduction  of 
praseodymium  oxide  with  a  magnet  [Translators  note:  probably  means 
magnesium]  nitrogen  medium  [6,  9]. 

These  investigations  were  continued  by  M.  D.  Lyutaya  and  A.  B. 
Goncharuk,  who  showed  that  the  formation  of  the  nitride  under  the 
effect  of  ammonia  on  metallic  praseodymium  occurs  rather  rapidly. 
Compact  samples  of  metallic  praseodymium  with  dimensions  of  10  x  5  x 
x  5  mm  intensively  interact  with  ammonia  starting  at  a  temperature  of 
200°C,  when  the  nitrogen  content  in  the  nitridatlon  product  attains 
6.5/S,  and  after  one-hour  effect  of  ammonia  at  400°C  the  praseodymium 
is  completely  converted  to  a  nitride  of  stoichiometric  composition, 
where  the  sample  is  scattered  in  a  powder  or  fine  pieces  of  the 
nitride.  Nitridatlon  by  ammonia  at  a  temperature  of  600°C  leads  to 
the  transition  of  the  metal  into  the  nitride  with  cracking  of  the 
samples,  and  at  700°C  —  to  the  production  of  compact  samples  of  the 
nitride  with  the  preservation  of  the  shape  of  the  original  metallic 
sample.  With  a  further  increase  in  the  temperature  of  the  nitridatlon 
with  ammonia  the  nitrogen  content  in  the  samples  of  praseodymium 
sharply  decreases  and  composes  at  800°C  -  1.555,  and  at  1000°C  -  1.8$. 
The  rapid  nitridatlon  at  low  temperatures  can  be  connected  with  the 
loosening  action  of  the  simultaneously  forming  hydride.  At  high 
temperatures  the  rate  of  decomposition  of  the  hydride  is  higher  than 
the  rate  of  its  formation  which  causes  a  sharp  reduction  in  the  rate 
of  nitridation  and  practical  cessation  of  hydrogenation. 

Praseodymium  nitride  is  a  black-colored  substance,  unstable  in 
air  under  normal  conditions,  which  hydrolyzes  rapidly  [131]. 

According  to  [989],  the  Curie  point  is  PrN  0  =  -  11°K,  the  magnetic 
moment  is  3.57  Bohr  magnetons. 
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Neodymium  nitrides .  The  neodymium  nitride  NdN  is  produced  by 
the  methods,  mentioned  above  for  praseodymium  nitride,  and  under  the 
same  temperature  conditions.  In  [1]  the  producing  of  neodymium 
monoitride  is  indicated  by  the  effect  of  very  pure  ammonia  on  metallic 
neodymium  at  a  temperature  of  700°C  during  a  period  of  3-4  h.  The 
chemical  properties  of  neodymium  nitride  are  analogous  to  the 
properties  of  praseodymium  nitride. 

T.  S.  Verkhoglyadova  showed  that  upon  nitridation  of  neodymium  by 
nitrogen  the  nitride  will  t  ?  formed  after  2  h  at  800°C  and  after  15 
min  at  1000°C.  It  is  interesting  that  it  was  possible  to  repeatedly 
produce,  especially  at  temperatures  of  1050~1200°C,  praseodymium 
neodymium  nitrides  with  a  considerably  greater  nitrogen  content  than 
is  required  by  the  formula  MeN.  These  products  corresponded  to  the 
conditional  formulas  MeN1  g  (a  nitrogen  content  up  to  14-14.5 
weight  %) .  Thus  the  praseodymium  and  neodymium  atoms  have  in  the 
isolated  state  f-electron  configurations  of  4f  and  4f  respectively, 
which  can  be  readily  transferred  to  a  partner  with  a  transition 
to  the  stable  f°-state,  then  the  obtained  experimental  results  seem 
logical . 

The  authors  of  work  [1075]  demonstrated  that  in  the  nitridation 
of  compact  samples  of  metallic  neodymium  with  ammonia  the  interaction 
begins  at  300°C,  and  at  500°C  a  compact  sample  of  neodymium  nitride 
will  be  formed.  An  increase  in  the  temperature  of  nitridation  of 
the  metal  causes  a  sharp  reduction  in  the  nitrogen  content.  The 
causes  of  the  increase  in  the  temperature  of  nitridation  of  neodymium 
are  analogous  to  those  in  the  nitridation  of  compact  praseodymium 
(see  above) . 

The  researchers  [485]  produced  neodymium  nitride  by  the 
hydrogenation  of  the  compact  metal  at  350-400°C  with  subsequent 
treatment  with  nitrogen  at  800-l600°C,  In  work  [48l]  the  electrical 

O 

resistance  and  the  thermo-emf  of  neodymium  nitride  (a  =  5-126  A)  at 
low  temperatures  were  investigated.  The  temperature  dependence  of 
electrical  resistance  (Fig.  46,  curve  1)  is  an  expression  of  integral 


156 


resistance • 
resistance, 


electrical  resistance,  caused  by  the  scattering  of  phonons;  is 
the  fraction  of  electrical  resistance,  caused  by  the  disordering  of 


the  spins.  On  the  same  graph  the  calculated  values  (curve  2)  and 
p^  (curve  3)  are  plotted.  At  absolute  zero  p^  =  84  yQ*cm>  an(*  value 

pQ  =  12  yft*cm.  The  thermo-emf  of  the  nitride  in  this  whole  region 
of  temperatures  is  negative  (Fig.  47)  and  at  a  temperature  of  60°K  a 


is  a  -0.17  yV/deg. 


Fig.  46.  The  temperature  depen¬ 
dence  of  the  electrical  resis¬ 
tance  of  neodymium;  -  l  —  experi¬ 
mental  curve.  2  -  the  fraction 
of  the  resistance,  caused  by  the 
scattering  of  phonons.  3  -  the 
fraction  of  the  resistance, 
caused  by  the  disordering  of  the 
spins , 


Fig.  4/,  The  temperature 
dependence  of  the  thermc-emf  of 
NdN. 
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In  this  work  the  conclusion  concerning  the  semimetallic  nature 
of  neodymium  nitride  was  made  and  the  presence  in  NdN,  as  in  the 
other  lanthanide  nitrides  [482]  of  a  magnetic  superlattice  was 
confirmed.  The  Curie  point  of  NdN  is  T  ^  27°K  [480]. 

Samarium  nitrides.  The  methods  of  production  of  samarium 
nitride  SmN  are  analogous  to  the  methods  of  production  of  praseodymium 
nitride.  In  addition  to  that  SmN  has  been  prepared  by  the  action  of 
ammonia  at  a  temperature  of  700°C  for  3-4  h  on  metallic  samarium  [1191. 

Researchers  [128]  have  prepared  of  samarium  nitride  in  the 
following  manner.  Samarium  shavings  in  a  molybdenum  boat  were  placed 
in  the  tube  of  a  vacuum  furnace,  in  which  titanium  shavings  (as  an 
oxygen  absorber)  were  simultaneously  located.  The  tube  was  pumped 
to  a  pressure  of  10"^  mm  Hg  and  held  at  this  pressure  for  4-6  h. 
Nitrogen  from  a  cylinder  was  passed  through  the  heated  titanium. 

The  closed  system  was  held  for  12-16  h  at  800°C.  The  product  of 
nitridation  was  collected  in  a  receiver  filled  with  dry  argon. 

Iandelli  [129]  produced  samarium  nitride  by  heating  metallic 
samarium  (99.2-99-7?)  at  1000°C  in  a  molybdenum  boat  in  a  nitrogen 
medium.  Metallic  samarium  was  prepared  by  the  vacuum  distillation 
of  samarium  by  an  aluminothermic-reduction  reaction  of  the  oxide 
Sm20^  at  1500°C .  The  nitridation  reaction  of  samarium  proceeds  much 
slower  than  that  of  lanthanum,  cerium,  praseodymium  and  neodymium, 
and  a  content  in  the  nitridation  products  of  94-95?  SmN  is  attained 
only  after  15-20  h.  Nitridation  is  hampered  by  the  formation  on  each 
particle  of  the  metal  of  a  thick  gas-impermeable  nitride  film. 

Samarium  nitride  is  a  hard  powder;  it  is  rapidly  hydrolyzed  in 
air,  and  it  is  assumed  that  the  hydrolysis  proceeds  according  to  the 
reaction 

SmN  3H;0  =  Sm  (OH),  f  NH,. 

However  the  experimentally  determined  weight  increase  of  the  samples 
does  not  coincide  with  that  calculated  by  this  equation.  The 
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assumption  that  this  is  caused  by  the  arrest  of  ammonia  in  the  solid 
phase,  also  was  not  confirmed.  The  X-ray  analysis  of  the  products, 
located  in  air  for  one  week,  showed  their  amorphism.  Detailed 
investigations  of  both  the  hydrolysis  process  of  samarium  nitride, 
and  also  of  the  dehydration  process  of  the  hydroxide,  establish  that 
upon  hydrolysis  of  the  nitride  hydrated  hydroxides  Sm(OH) ^ •  2 . 8^0 
and  others  will  be  formed. 

Samarium  nitride  has  a  cubic  face-centered  lattice  with  a 
parameter  of  the  unit  cell,  according  to  various  authors  of:  a  = 

=  5.0481  +  0.0008  [128],  5.039  +  0.003  [129],  5.046  +  0.001  A  [119]. 

Upon  heating  samarium  nitride  to  a  temperature  of  l600°C  in  a 

-5 

vacuum  of  10  mm  Hg  its  vaporization  or  dissociation  was  not 
revealed  [128], 

Europium  nitrides.  Only  the  compound  of  europium  with  nitrogen 
EuN  was  obtained  by  the  nitridaticn  of  metallic  europium  with  ammonia 
during  a  period  of  3-4  h  at  700°C  [119],  and  also  by  the  direct 
action  of  nitrogen  on  europium  under  the  same  conditions,  which  are 
described  above  for  samarium  nitride  [128].-  Europium  nitride  is  a 
substance  of  black  color,  and  in  chemical  behavior  is  similar  to 
the  other  rare-earth-metal  nitrides.  In  [119]  to  determine  the 
possibility  of  the  existence  of  bivalent  europium  in  the  nitride  the 
latter  was  decomposed  by  water,  however  the  liberation  of  hydrogen 
with  the  products  of  decomposition  was  not  noticed  neither  for 
europium  nitride  nor  for  samarium  and  ytterbium  nitride. 

Gadolinium  nitrides.  Gadolinium  nitride  GdN  is  produced  by 
nitriding  metallic  gadolinium  with  pure  ammonia  for  3-4  h  at  a 
temperature  of  700°C  [119].  Endter  [130]  by  X-ray  analysis  detected 
GdN  in  the  surface  layer,  forming  upon  the  heating  of  gadolinium  in 
air. 
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Gadolinium  nitride  is  a  black-colored  substance  with  a  cubic 
structure;  its  chemical  and  physical  properties  have  almost  not  been 
studied.  Gadolinium  nitride  is  a  ferromagnetic  material  with  a 
Curie  point  of  69°K  and  ferromagnetic  moment  of  7  Bohr  magnetons, 
equal  to  the  paramagnetic  moment.  Under  pressure  of  up  to  100  kbar 
the  variation  in  the  Curie  point  i-’  for  GdN  3Tc/9P  =  +0.08°  +0.04°K 
[1007].  In  work  [1008]  the  spontaneous  magnetization  of  this  nitride 
was  investigated. 

Nitrides  of  terbium,  dysprosium  and  holmium.  The  information 
about  the  nitrides  of  these  metals  is  very  limited.  TbN,  DyN  and 
HcN  have  been  prepared  by  the  action  of  ammonia  for  3-4  h  at  a 
temperature  of  700°C  on  the  respective  metals  [119].  An  attempt  to 
produce  dysporslun.  nitride  by  the  reduction  of  dysprosium  oxide  with 
carbon  in  a  nitrogen  medium  did  not  give  positive  results;  formed 
product  was  not  monophase  [110], 

In  work  [483]  terbium  and  holmium  nitrides  were  produced  from 
the  pure  metals  (99-5%),  which  were  first  hydrogenated,  and  then  the 
hydrides  were  nitrided  with  ammonia  at  temperatures  of  850~1100°C. 
Chemical  analysis  showed  that  the  preparations  contained  more  than 
9 556  of  the  nitrides. 

The  properties  of  these  nitrides  have  almost  not  been  studied; 
in  [119]  their  crystal  structures  are  given. 

According  to  [153],  TbN  and  HoN  are  ferromagnetic  materials  with 

Curie  points  respectively  of  18  and  43°K;  the  magnetic  moment  of  HoN 

is  8.0  +1.0  Bohr  magnetons  [475].  On  the  basis  of  the  study  of  the 

magnetic  properties  of  TbN  in  [484]  a  conclusion  is  drawn  about  the 

3-  3+ 

fact  that  an  electron  is  transferred  from  N  to  Tb  ,  giving  the 
nitrogen  an  antiparallel  spin. 

Erbin  nitrides.  With  the  reduction  of  erbium  oxide  with  carbon 
in  a  nitrogen  medium 


Er  A  -+  3C  4-  N,  -»•  ErN  -f  CO 
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a  product  is  obtained,  containing  about  50%  ErN,  and  upon  the  addition 
to  the  charge  of  a  10%  mixture  of  soda  with  carbon  (see  scandium 
nitrides,  p.  136)  at  a  temperature  of  1250°C  an  almost  pure  nitride 
will  be  formed. 

As  is  reported  in  [119],  erbium  nitride  is  prepared  by  the 
action  of  ammonia  at  700°C  for  3-^  h  on  metallic  erbium. 

Erbium  nitride  of  ErN  is  a  grayish-white-colored  substance;  it 
is  gradually  decomposed  in  air  with  the  liberation  of  ammonia;  its 
decomposition  is  completely  finished  within  sevex-al  days. 

The  physical  properties  of  erbium  nitride  have  not  been  studied 
(only  its  crystal  structure  has  been  determined  [119]). 

Thulium  nitrides.  The  only  mention  of  thulium  nitride  TuN  [TmN] 
is  in  [119].  It  is  formed,  analogous  to  the  other  rare-earth-metal 
nitrides,  by  the  action  of  ammonia  on  metallic  thulium  at  700°C. 

Ytterbium  nitrides.  The  first  attempts  at  the  production  of 
ytterbium  nitride  YbN  were  made  by  Frieaerich  and  Sittig  [110]  who, 
however,  were  not  able  to  prepare  the  pure  nitride  by  the  reduction 
of  ytterbium  oxide  with  carbon  in  a  nitrogen  medium  at  temperatures 
of  1100-l600°C. 

In  work  [119]  ytterbium  nitride,  like  the  nitrides  of  the  other 
lanthanides,  were  obtained  by  the  action  of  ammonia  on  metallic 
ytterbium  at  700°C. 

Eick  with  his  colleagues  [128]  prepared  ytterbium  nitride 
analogous  to  the  samarium  and  europium  nitrides  (p.  153  )  by  the 
action  of  nitrogen  on  metallic  ytterbium,  however  the  formation 
reaction  of  ytterbium,  nitride  in  contrast  to  the  samarium  and 
europium  nitrides  occurred  so  slowly  that  it  was  necessary  to  reject 
this  method.  The  method  of  preparing  ytterbium  hydride  with  its 
subsequent  conversion  to  nitride  was  used.  Ytterbium  shavings  were 
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treated  for  12  h  at  a  temperature  of  500°C  with  pure  hydrogen, 
obtained  by  the  decomposition  of  uranium  hydride  Uh’^.  The  hydride 
formed  YbH2  was  heated  in  a  stream  of  nitrogen,  purified  by  being 
passed  over  activated  copper  and  titanium  shavings,  at  temperatures 
of  600-100Q°C  for  12  h.  Even  with  very  long  exposures  and  nltridation 
temperatures  of  the  order  of  1000°C  (which  is  200°C  higher  than 
the  melting  point  of  ytterbium)  the  reaction  does  not  occur  completely. 

In  an  attempt  to  drive  off  metallic  ytterbium  from  the  nitride  in  a 

-5 

vacuum  of  10  mm  Hg  turned  out  that  upon  sufficiently  prolonged 
exposure  at  1400°C  the  metal  and  nitride  are  converted  into  a 
distillate.  Thus,  ytterbium  nitriae  is  readily  vaporized  in  a 
vacuum  which  distinguishes  it  from  the  nitrides  of  certain  other 
lanthanides,  in  particular  samarium. 

Ytterbium  nitride  has  a  cubic  structure  of  the  NaCi  type  with 

° 

a  lattice  parameter  of  a  *  4.786  +  0.001  A  according  to  [119]  or 
a  *  4.8752  +  0.0008  A  according  to  [125]. 

In  work  [119]  the  liberation  of  hydrogen  was  not  detected  with 
the  action  of  ytterbium  nitride  of  water  which  attests  to  the  absence 
of  bivalent  ytterbium  nitride. 

Lutetium  nitrides.  Lutetium  nitride  of  LuN  is  produced  by  the 
action  of  ammonia  on  metallic  lutetium  at  a  temperature  of  700°C 
[119]. 

The  structures  and  physical  properties  of  rare-earth-metal 
nitrides .  All  nitrides  of  the  rare-earth-metals,  including  scandium 
and  yttrium,  crystallize  in  a  cubic  face-centered  lattice  of  the 
NaCl  type  and  correspond  to  the  composition  MeN.  Compounds  of  other 
composition  in  the  rare-earth-metal  system  with  nitrogen  have  not 
been  detected.  The  formation  of  rare-earth-metal  mononitrides  with 
a  simple  lattice  agrees  well  with  the  values  of  the  ratios  of  the 
radius  of  the  nitrogen  atom  to  the  radii  of  the  rare-earth-metal 
atoms,  being  in  accordance  with  the  data  of  Table  51  from  0.34  to 
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0.43  which  corresponds  to  the  Hagg  condition  of  the  formation  of 
simple  structures  of  the  interstitial  phase  type. 


Table  51.  The  ratios 
of  the  radius  of  the 
nitrogen  atom  to  the 
radii  of  the  rare- 
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The  dependence  of  the  lattice  constants  of  nitrides  on  the  atomic 
number  of  the  rare-earth  elements  (Pig.  48)  [119]  displays  the 
effect  of  lanthanide  contraction.  The  sequence  of  this  dependence 
is  analogous  to  the  sequence  on  effect  in  the  lattice  constants  of 
rare-earth-metal  oxides,  which  attests  to  the  significant  role  of 
ionic  bonding  in  nitrides.  This  also  indicates  the  absence  of 
anomalies  in  the  lattice  constants  for  europium  and  ytterbium,  which 
in  the  metals  themselves  and  metallic  type  compounds  (hexaborides  and 
dicarbides  [486])  have  increased  significance  in  connection  with  a 
valance  of  Eu  and  Yb  less  than  +3,  manifested  in  the  metallic  state. 

A  certain  anomaly  for  gadolinium  nitride,  coinciding  with  a  similar 
anomaly  for  gadolinium  oxide  (also  emphasizing  the  similarity  in  the 
types  of  chemical  bonding  in  the  lattices  of  these  bonds),  is 
caused  by  the  effect  of  the  semioccupied  electronic  configuration 
Gd+^  (7  electrons  of  14  on  the  4f-level).  The  latter  along  with  the 
configurations  of  lanthanum  (4f®)  and  lutetium  (4f^)  is  the  stablest 
and  ensures  the  exact  trivalence  of  the  gadolinium  ion  in  contrast  to 
the  other  lanthanides,  where  mixed  valence  gives  them  certain 
attributes  of  metallicity. 
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Fig.  48.  Lattice  constants, 
a)  of  oxides,  b)  of 
lanthanide  nitrides . 


According  to  the  magnetic  measurements,  carried  out  by  Essen 

and  Klemm  [478], 4  the  lanthanum  in  lanthanum  nitride  is  also  completely 

in  the  form  of  La+^  ions,  when  the  approximate  content  of  Me^+  ions 

in  cerium  nitride  is  approximately  11$,  and  in  praseodymium  nitride 

-  about  62%.  The  remaining  atoms  of  the  metallic  components  are  in 
4+ 

the  form  of  Me  ions . 

4+ 

Connected  with  the  high  content  of  Me  ions  in  cerium  nitride 
are  certains  deviations  from  the  normal  sequence  of  a  curve  of 
lanthanide  contraction,  observed  in  certain  works,  in  particular, 
the  dimension  of  the  unit  cell  of  CeN  in  Iandelli's  work  [129]  is 
examined  from  this  point  of  view. 

The  deficiency  of  data  about  the  physical  properties  of 
rare-earth-metal  substantially  hampers  the  discussion  of  the  nature 
of  their  electronic  structure.  However  even  from  the  preceding 
considerations  it  follows  that  they  are  compounds  of  the  ionic  type 
which  is  caused  by  the  high  ionization  potentials  of  nitrogen, 
bringing  about  the  intense  negative  polarization  of  the  cores  of 
nitrogen  atoms,  as  was  shown,  in  particular,  by  the  works  of  Klemm 
[119]  based  on  the  calculation  of  the  additional  participation  in 
the  interatomic  distances  of  the  lattice  of  the  radius  of  the  N-^ 
ion.  For  scandium  and  yttrium  nitrides  the  degree  of  polarization 
should  be  considerably  less  than  in  the  lattices  of  the  lanthanum 
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and  the  lanthanide  nitrides,  and  it  is  possible  to  expect  for  these 
two  nitrides  a  smaller  fraction  of  ionic  bonding.  From  ScN  to  CeN 
the  asymmetry  of  the  distribution  of  electron  density  increases,  if 
one  were  to  judge  from  the  increase  in  the  vapor  pressure  and  the 
heats  of  formation  in  accordance  with  the  concepts,  expounded  in 
[4]  that  attests  to  an  increase  in  the  fraction  of  the  ionic  bonding 
component.  Undoubtedly,  the  nature  of  conductivity  should 
simultaneously  vary,  connected  with  the  variation  in  the  width  of  the 
energy  gaps,  peculiar,  especially  for  the  nitrides  of  the  second 
half-period  of  the  lanthanides,  to  semiconductors,  in  this  case  of 
the  A  B  type. 

These  considerations  are  also  confirmed  by  other  data  on  the 
physical  properties  of  lanthanide  nitrides.  Thus,  Daou  [487]  showed 
that  the  ratio  of  electrical  resistance  increases  in  the 

transition  from  cerium  to  praseodymium  from  1.66  to  30  (at  25°C) 
which,  obviously,  is  connected  with  the  greater  relative  delocalization 
of  the  valence  electrons  of  praseodymium  in  the  formation  by  it  of  a 
bond  with  nitrogen  and  in  the  tendency  to  be  converted  to  a  stable 
f  -state.  Up  to  500°C  for  cerium  nitride  there  was  detected  a 
sequence  of  resistance,  typical  for  metals  with  an  increase  in  the 

ratio  (RMeN:RMe)500oC/RMeN:RMe)250°C  by  aPProximately  four  times. 

For  praseodymium  this  increase  is  practically  absent  (Fig.  49). 


Fig,  49.  The  temperature 
dependence  of  the  ratio 


RCeN:RCe  * 


It  is  necessary  to  note  the  increase  in  magnetic  susceptibility 
from  lanthanum  nitride  to  neodymium  nitride,  established  in  [478]. 

It  is  characteristic  that  an  especially  sharp  increase  of  x  is 
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observed  in  the  transition  from  cerium  nitride  to  praseodymium  nitride 
which  corresponds  to  a  sharp  variation  in  electrical  resistance 
(Pig.  50). 


Fig.  50.  The  dependence  of  the 
ratio  RprN:Rpr  on  the  nitrogen 

content  (n  are  the  atomic 
fractions) . 


A  detailed  investigation  of  the  magnetic  properties  of  the 
rare-earth-metal  nitrides  was  conducted  [488].  The  magnetic  moments 
of  the  mononitrides  were  close  to  the  magnetic  moments  of  the  three 
positive  ions  of  the  rare-earth-metals  which,  as  also  in  the  case  of 
the  sulfides  Me^  [489],  indicates  a  considerable  component  of 
ionic  bonding  in  these  compounds .  The  dependence  of  the  magnetic 
moments  of  nitrides  on  the  atomic  number  of  the  rare-earth-metals 
is  analogous  to  that  for  sulfide.  It  is  characteristic  that  an 
especially  sharp  increase  in  magnetic  susceptibility  is  observed  in 
the  transitions  from  CeN  to  PrN,  from  SmN  to  EuN  and  from  TuN  to 
YbN  which  corresponds  to  the  sharp  variation  in  electrical  resistance. 

A  more  detailed  investigation  of  the  electrical  properties  of 
the  rare-earth-metal  nitrides,  was  carried  out  in  [491];  the  presence 
of  energy  gaps  (with  respect  to  the  absorption  edges,  located  on 
the  curves  of  optical  transmission)  was  actually  detected  the 
lanthanide  nitrides:  DyN  —  2.60-2.90  eV,  ErN  —  2.40-2.78  eV,  HoN  — 
1.70-1.88  eV.  Electrical  resistance  within  the  limits  of  from  80  to 
1500°K  has  a  metallic  character  which  is  explained  by  the  great 


concentration  of  current  carrier-electrons,  which  is  caused  by 
deviations  from  stoichiometry  with  respect  to  nitrogen  content  [491]. 
Thus,  these  nitrides  are  degenerate  defect  (due  to  an  excess  of 
electropositive  lanthanide  atoms)  semiconductors  with  a  broad  energy 
gap.  For  ScN  and  YN  investigated  in  the  same  work  no  definite 
absorption  discontinuity  was  detected  which  obviously,  is  caused  by 
the  high  donor  ability  of  these  metals  and  by  the  formation  of  a 
typically  metallic  bond,  accomplished  by  the  collectivized  electrons 
of  the  metal  and  the  nitrogen.  Similar  conclusion  were  also 
confirmed  by  X-ray  spectral  investigations  of  ScN  [960], 


The  data  on  the  electrical  properties  of  the  lanthanide  nitrides 
agree  with  the  data,  obtair.eu  by  Didchenko  and  Gorstema  [488], 
although  the  latter  conducted  measurements  on  nitrides  of  stoichiomet¬ 
ric  composition.  This  varience  should  be  removed  by  further 
investigations,  however  it  seems  to  us  that  the  concepts,  developed 
in  work  [491],  are  more  preferable.  However,  naturally,  it  is 
impossible  to  expand  these  concepts  scandium  and  yttrium  nitrides 
which  are  typical  metallic  phases . 

Ytterbium  nitride,  according  to  [488],  differs  from  the  other 
lanthanide  nitrides  by  a  negative  temperature  coefficient  of 
electrical  resistance,  characteristic  for  semiconductors. 

In  Fig.  51  the  dependence  of  the  electrical  resistance  of 
rare-earth-metal  nitrides  on  the  atomic  number  at  room  temperature 
is  shown  [488], 


In  Fig.  52  the  temper  're  dependence  of  the  electrical 

resistance  of  pressed  powders  of  certain  nitrides  is  given.  The 

data  for  Ce  do  not  yield  to  rational  Interpretation  as  regards  ro 

lanthanum  and  praseodymium  nitrides,  then  they  display  in  the  region 

of  low  temperatures  typical  metallic  conductivity.  The  authors  [478] 

perceive  in  the  behavior  of  CeN  a  reflection  of  the  high  content  in 
4+ 

it  of  Ce  ions.  The  semimetallic  character  of  cerium  mononitride 
is  discussed  in  [490]. 


167 


Fig.  51.  The  dependence  of  the 
electrical  resistance  of 
nitrides  on  the  atomic  number 
of  the  lanthanides. 


Fig.  52.  The  temperature 
dependence  of  the  electri¬ 
cal  resistance  of  pressed 
powders  of  lanthanide 
nitrides . 


It  is  characteristic  that  in  the  transition  from  LaN  to  CeN  the 
coefficient  of  thermal  expansion  increases  very  sharply  -  from  9  to 
30*10-^,  and  subsequently  for  praseodymium  nitride  it  again  rather 
intensely  decreases  -  to  13.10-^  [ 4 7 3 ]  which  corresponds  to  the 
weakening  of  the  Ce  -  Ce  bonds  and  to  the  strengthening  of  the  Ce  -  N 
bonds,  which  was  indicated  above. 

2 .  Transition-Metal  Nitrides  of  Group  IV 

Titanium  nitrides.  From  the  phase  diagram  of  the  titanium  — 
nitrogen  system,  plotted  according  to  1132]  (Fig.  53)  >  it  follows 
that  titanium  forms  with  nitrogen  a  nitride,  corresponding  to  the 
formula  TIN,  possessing  a  broad  region  of  homogeneity,  and  also  a 
nitride,  corresponding  to  the  £ -phase. 
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Fig-  53-  Phase  diagram  of  the 
titanium  —  nitrogen  system. 

Four  phases  are  detected  in  the  system:  8,  a,  e  and  6.  The 
peritectoid  8-phase  contains  (at  2020  +  25°C)  about  1 M  N  and  forms 
upon  reaction  between  the  a-phase  and  the  melt:  a+)K^=p.  At  the 
same  temperature  the  a-phase  is  homogeneous  within  the  limits  of 
6.5-7-*!#  N;  it  forms  according  to  the  peritectic  reaction  6+>K^«  at 
2350  +  25°C.  The  e-phase,  to  which  is  ascribed  the  arbitrary  formula 
Ti^N,  forms  according  to  the  peritectic  reaction  a+ft^e  at  temperatures 
of  1000-1100°C;  it  is  homogeneous  within  the  limits  of  6. 8-8. 9$  N; 
it  has  an  tetragonal  lattice  with  unit  cell  parameters  of:  a  =  *1.92  kX; 
c  *  55-61  kX,  c/a  =  1.05  [132], 

The  solubility  of  nitrogen  in  a-Ti  at  the  temperature  of  the 
peritecoid  reaction  lies  within  the  limits  of  6.5-7-^^-  The  addition 
of  nitrogen  to  the  titanium  causes  an  increase  in  the  temperature  of 
the  uzzsp-  transformation,  i.e.,  the  nitrogen  stabilizes  the  a-titanium. 

A  theoretical  investigation  of  the  temperature  dependence  cf  the 
solubility  of  nitrogen  in  titanium  on  the  ratio  of  the  atomic,  radii 
of  titanium  and  nitrogen,  and  also  of  the  electron  structure  of  the 
solid  solutions  forming  was  carried  out  in  [133j  13*1].  The 
activation  energy  of  the  diffusion  of  nitrogen  in  the  a-phase  is 
68,000  kcal/mole  [ID  19] - 

Holberg  [235]  established  that  the  maximum  solubility  of 
nitrogen  in  a-titanium  is  about  17  at.  %  (TiNQ  2Q).  He  detected  the 
nitride  phase  Ti0N  (e-phase),  to  which  was  earlier  assigned  the 
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formula  Ti_N.  This  phase  has  a  tetragonal  lattice  of  the  antirutile 
type  (space  group  P40/mnm)  with  two  formula  units  in  the  unit  cell 

d-  O 

with  lattice  parameters  of  a  =  4.9*152,  c  =  3*0342  A. 

The  dissolution  of  nitrogen  in  titanium  linearly  changes  the 
lattice  parameters  of  a-titanium:  greater  than  with  the  dissolution 
of  oxygen,  and  somewhat  less  than  with  the  dissolution  of  carbon 
[205].  Consequently,  the  measurement  of  the  parameter  of  a  crystal 
lattice  can  serve  as  a  reliable  method  for  determining  small  contents 
of  nitrogen  in  titanium. 

The  region  of  homogeneity  of  titanium  nitride  TIN,  according  to 
[132],  is  10-22.6 %  N.  According  to  Ehrlich  [135],  the  lower  limit 
of  the  region  of  homogeneity  corresponds  to  an  alloy  with  10.9  weight 
%  of  N  or  the  formula  TiN^  j j25  an<*  according  to  [235]  which, 
apparently,  is  more  reliable  -  to  the  formula  TiNQ  ( 1 4 . 8  weight  % 

of  N).  The  upper  boundary  of  the  region  of  homogeneity  of  this 
compound  can  be  accepted  as  50  at.  %  of  N,  i.e.,  it  corresponds  to 
the  formula  TiN^  Q  [132],  However  it  is  necessary  to  note  that  in 
the  early  works  (Breger  [136],  and  then  Munster  and  Sagel  [137]) 
a  higher  upper  limit  of  the  region  of  existence  of  this  nitride  is 
indicated,  corresponding,  according  to  [136],  to  the  formula  TiN1 
which  is  relatively  close  to  the  composition  of  the  valence  compound 
T1-.N,, ,  which  would  be  formed  with  an  ionic  character  of  binding 
between  Ti  and  N  .  Consequently,  the  formation  of  titanium 
nitride  with  a  nitrogen  content  of  more  than  50  at.  %  is  on  indication 
of  the  tendency  of  titanium  to  ionic  bonds  with  nitrogen  which  is 
caused  by  the  high  ionization  potential  of  nitrogen.  The  purely 
crystallochemically  nitride  phases  of  titanium  with  an  excess  of 
nitrogen  (or  deficiency  of  titanium)  it  is  necessary  to  examine, 
according  to  Ormont,  as  solid  solutions  of  nitrogen  in  nitride, 
structured  according  to  the  principle  of  subtraction.  The  correctness 
of  the  concepts  about  nitrides  with  an  excess  of  nitrogen,  as  those 
about  solid  solutions  of  subtraction,  Breger  confirmed  by  analyzing 
the  intensities  of  the  interference  lines  on  X-ray  photographs  by 
the  method,  accepted  in  the  works  of  Umanskiy  and  Khidekel  concerning 
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titanium  carbide  and  Umanskiy  concerning  vanadium  carbide  [ 1 38 1 .  The 
formation  of  such  phases  Breger  associates  with  the  method  of  their 
production,  consisting  in  the  dissociation  of  amminochlorides  of  the 
TiCl^*4NH^,  type,  which  at  low  temperatures  does  not  proceed  to  the 
end,  so  that  part  of  the  excess  nitrogen  atoms  remains  in  the  lattice 
and  is  removed  only  after  heating  to  high  temperatures  of  the  order 
of  1500°C.  To  this  assertion  one  should  add  that  the  formation  of 
phases  with  surplus  of  nitrogen,  having  features  of  ionic  bonding, 
is  assisted  by  the  ionic  state  of  titanium  in  the  amminochloride . 


The  X-ray  spectral  investigation  of  titanium  nitride  of  saturated 

composition  and  in  the  region  of  homogeneity  [227-229]  showed  that 

with  an  increase  in  the  nitrogen  content  in  the  region  of  homogeneity 

of  titanium  nitride  a  change  in  the  character  of  the  chemical  bond 

occurs  in  the  direction  of  increasing  its  metallic  component. 

Interatomic  interaction  in  the  nitride  is  accomplished  with  very 

little  participation  of  the  d-orbits  of  titanium  with  mobilization 

of  mainly  the  external  s-  and  p-orbits  of  both  atoms.  This  conclusion 

agrees  with  the  contemporary  concepts  about  the  nature  of  the  electron 

structure  of  titanium  nitride  (see  p.  15),  if  by  metallic  bonding 

there  is  implied  a  bond,  accomplished  by  an  exchange  between  the 

nonlocallzed  electrons  and  the  electrons,  entering  into  the  composition 

of  stable  configurations,  formed  by  electrons,  localized  near  the 

titanium  and  nitrogen  atoms.  In  connection  with  the  relatively  low 

statistical  weight  of  the  d^-configuratlons  of  titanium  atoms  (43$) 

the  fraction  of  electrons,  located  in  the  nonlocallzed  state  (mainly 

4s-electrons ) ,  for  it  is  great.  Furthermore,  nitrogen  atoms  having 
2  3 

an  s  p  -configuration  in  the  isolated  state,  tend  to  acquire  a 
■3 

quasi-stable  sp  -configuration  with  the  transfer  of  one  p-electron 
to  the  nonlocallzed  state.  Thus,  the  electrons  of  the  d-shell  of 
titanium  practically  do  not  participate  in  a  metallic  bond.  From 
this  point  of  view  an  increase  in  the  metallic  component  of  a  bond 
with  an  Increase  in  the  nitrogen  content  in  the  region  of  homogeneity 
of  titanium  nitride  can  be  interpreted,  as  an  increase  in  the 
statistical  weight  of  the  nonlocallzed  electrons  in  stable  configura¬ 
tions  with  the  simultaneous  removal  of  electrons  from  the  covalent 
bonds  between  the  titanium  atoms. 
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It  Is  obvious  that  the  ionic  fraction  of  the  bona  in  titanium 
nitride  is  determined  by  a  certain  probability  of  the  attraction  by 
the  nitrogen  atoms  of  titanium  electrons  with  the  formation  of  s  p  - 
electron  configurations.  The  statistical  weight  of  the  latter  in 
preparations  of  titanium  nitride,  obtained  from  amminochloride  is 
especially  great,  where  these  configurations  are  formed  by  the 
chlorine  atoms  and  by  the  nitrogen  atoms  and  are  preserved  in  the 
nitride . 


With  an  increase  in  nitrogen  in  the  region  of  homogeneity  of 
titanium  nitride  both  the  parameter  of  the  crystal  lattice  and  che 
density  are  changed  (Pig.  5*J,  Table  52),  as  well  as  all  the  physical 
and  chemical  properties  which  is  very  essential  for  its  practical 
appll cation . 


a 


Fig.  5^.  The  dependence 
of  the  lattice  constant  of 
titanium  nitride  on  the 
nitrogen  content  in  it. 


Table  52.  Variation  in  the 
density  and  molar  volume  of 
titanium  nitride  in  the 


region  of  homogeneity  [135]. 


Composition 

Density, 
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g/cm 

Molar  volume, 
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The  properties  of  titanium  nitride  of  saturated  composition, 
corresponding  to  the  formula  TiN,  were  described  in  detail  in  the 
reference  books  [139*  1^0],  and  in  the  region  of  homogeneity  —  they 
are  given  in  Table  53.  Therefore  in  the  present  section  we  will 
dwell  only  on  certain  properties,  having  a' fundamental  character. 


Table  53.  The  physical  properties  of 
titanium  nitride  within  the  limits  of 
the  region  of  its  homogeneity  [1^5, 

MIL _ _ 


Arbi¬ 

trary 

for¬ 

mula 

Content  of 

N 

Thermo- 

emf 

pV/deg 

Hell 

coeffi¬ 

cient 

R-104, 

cir^/C 

Specific!  Mioro- 
electri^  hardness 
cal  i  u  , 

weight 

* 

at. 

* 

reoi s- 
tance 

0. 

pfi  *cm 

«  o 

kg/mm 

T'N0.S57 

!  * 

35,8 

112,5 

TiN0.5» 

H,7 

37,1 

-f  0,9 

+2,5 

— 

1200±i37 

TiN0  6 

14.9 

37,5 

+0.5 

— 

91.2 

— 

TiN0.63 

15,7 

39,1 

T- 

— 

1440+182 

T,N0.6S 

!5.9 

39,5 

—0,75 

+  1.9 

70,6 

— 

TiN'o.69 

16,7 

40.8 

—1,88 

+  1.5 

60,5 

— 

TiN0.7« 

17,8 

42,7 

-3.6 

+0.9 

50,6 

— 

T'No.7S 

18,7 

44,3 

-4.3 

— 

— 

— 

TiN.* 

19,7 

45,8 

— 5f34 

— 

— 

’  - 

TiN0.85 

19.9 

46,1 

— 

— 

— 

1630+101 

20,4 

46.8 

— 

—0,37 

— 

— 

TiN0.91 

21,0 

47.6 

— 

— 

31 

— 

TiN0Q2 

21.4 

47,9 

— 

— 

— 

1780+51 

TiN0.95 

21,7 

48,7 

—7.1 

-0,63 

— 

TiN0.97 

22.2 

49.3 

— 

— 

1900+182 

TiN0.9S 

22,4 

49.8 

-7,38 

-0,67 

<V 

1994  +  137 

Physical  properties.  Titanium  nitride  in  the  powdery  state  is 
a  yellow-brown  color;  after  sintering  in  the  compact  state  it  acquires 
a  characteristic  golden-brassy  color.  j.n  the  compact  state  it  buffs 
and  polishes  well. 


The  thermal  properties  of  titanium  nitride  within  the  limits  of 
temperatures  of  298-l800°K  were  investigated  by  Naylor  [ 1 4 1 3 , 
according  to  whose  data 


—  n,9ir  +  0,00047^  +  _  4585  [kcal/mole], 

CP  =  lf.91  +  0,000947 Loal/deg-mole]  . 
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According  to  Sato  [142] ,  the  specific  heat,  measured  on  impure 
preparations  and  corrected  for  pure  nitride  within  the  limits  of 
0-500°C,  is: 

C„  =  0,1410  +  1.91810  -*T-  1,127-  lO-7?*. 

The  specific  heat  at  low  temperatures,  according  to  [143],  is  as 
follows : 

52.5  60,5  69,7  78,5  94,9  125,2  145,8  165,7 
0,527  0,809  1,189  1,562  2,331  3.704  4,577  5,358 

185,7  206,0  226,3  246.0  266,1  286,2  298,16 
6,073  6,705  7,286  7,768  8,234  8,642  8,86 1 

Researchers  [110],  in  determining  the  vapor  pressure  of  titanium 
nitride,  noted  its  difficult  vaporizability  even  at  temperatures, 
close  to  the  melting  point.  The  results  of  the  quantitative 
investigations,  carried  out  by  Kelley  [150],  and  given  in  Deshman's 
summary  [74]  in  Table  14,  show  that  near  the  melting  point  the 
dissociation  pressure  of  the  nitride  does  not  exceed  1  mm  Hg.  Data 
on  the  vapor  pressure  of  titanium  nitride  are  also  given  in  [45], 

Pollard  and  Woodwart  [158]  determined  the  dissociation  pressure 
of  titanium  nitride  on  preparations,  obtained  by  accumulation  from 
the  gaseous  phase  on  a  tungsten  wire.  Corresponding  the  data  for 
the  temperatures  1200  and  1450°C  are  given  in  Fig.  55.  According  to 
these  data  the  thermal  dissociation  of  titanium  nitride  is  a  second 
order  reaction,  the  rate  constant  of  which  obeys  the  equation 

ft  =  V 'a{a~x)  (mm  Hg_1-min  1], 

where  a  is  the  gas  concentration  at  maximum  pressure  pQ,  x  is  the 
gas  concentration  at  pressure  p,  t  is  tr.e  time.  Given  below  are 
the  values  of  the  rate  constant  of  dissociation  of  titanium  nitride 
by  time  at  a  temperature  of  1200°C  (p^  =  0.59  mm  Hg): 


T,  °K 

C  ,  cal/mole 
P 

T,  °K 

0^,  cal/mole 
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t  ,  min 

K,  min  Kg  .min 


S  10  20  30  40  SO  60  70  SO  90 

9,19  0,23  0,23  0,22  0,22  0,23  0,22  0,22  0,23  0,23 


Fig.  55.  Dissociation 
pressure  of  TIN.  1  -*  TIN 
on  a  tungsten  wire  at  1200°C. 
2  -  the  same  at  1450°C.  3  - 

tungsten  wire  at  1200°C 
(standard  without  titanium 
nitride) . 


Subsequent  investigations  of  the  behavior  of  titanium  nitride 
in  a  vacuum  were  carried  out  in  work  [203],  in  which  the  vaporization 
of  TiN  was  determined  by  the  Knudsen  effusion  method  at  temperatures 
of  1987-224l°K.  It  was  established  that  the  nitride  vaporizes  with 
the  formation  of  gaseous  titanium  and  nitrogen 


TiNt.  =  T!r«  +  */*N|. 


1/2 

The  equilibrium  constant  of  this  reaction  is  =  Prp^*PN2  , 

From  the  data  of  the  work  It  was  obtained  that 

lg  Kp  -  —  —  0,60.  i0~*r  +  12,245, 

and  the  partial  pressures  of  titanium  and  nitrogen  of  the  nitride 


■gPT1  =  -  — r—  -  0,40  •  10 f  8,263, 

Jg/'N.  =  -  -0, 40-  10"4r+  7,963. 

The  heat  of  the  dissociation  reaction  of  AH0,  was  ascertained 

0 

equal  to  191.2  kcal/mole,  and  the  standard  heat  of  formation  of 
titanium  nitride  AH^g  =  -  79-^  kcal/mole.  (According  to  [1076] 

AH°93  =  76.76  kcal/mole). 
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These  data  were  checked  by  V.  V.  Fesenko,  A.  S.  Bolgar  and 
E.  A.  Ryklis,  who  ascertained  that  the  composition  or  titanium 
upon  vaporization  is  noticeably  changed,  and  the  vaporization  rate 
from  the  Knudsen  cells  depends  acutely  on  the  escape  area.  Therefore 
the  data  of  work  [20  are  approximate. 


The  dependence  of  the  composition  of  congruent  evaporation  on 
temperature  ( 1993-2243°K)  is  expressed  by  the  equation:  x  =  1.46-2.8  x 
x  10-1*  T,  where  x  =  N/Ti ;  the  vaporization  coefficient  of  titanium 
is  a  =  1.3-lCf2. 


Table  54.  The  vapori¬ 
zation  rate  of  titanium 
nitride  and  the  dissoc¬ 
iation  pressure  of 
titanium  and  nitrogen 


of  the 

nitrJ 

Lde . 

Temper- 
atu-e  , 

°K 

Vapor¬ 

ization 

rate 

OIO». 

^om^*8 

Vapor 
pressure 
of  tita¬ 
nium 
^Tl 
at 

Nitrogen 

pressure 

at 

1987 

1,510 

1,697 

0,650 

2017 

1,972 

2,234 

0,854 

2050 

3,129 

3,573 

1,366 

2155 

15,963 

18,685 

7.146 

?212 

33,254 

39,435 

15,08 

2241 

70,555 

84,221 

32,2 

An  investigation  of  the  microhardness  of  titanium  nitride  in 
the  region  of  its  homogeneity  was  carried  out  in  work  [147].  It  is 
demonstrated  (see  Fig.  4)  that  the  concentration  dependence  of  the 
microhardness  is  linear  and  is  similar  in  this  respect  to  the 
dependence  of  the  microhardness  of  the  titanium  and  zirconium 
carbides,  [147]  and.  tantalum  carbide  [1483  on  the  content  of  bound 
carbon.  However,  in  spite  of  the  fact  that  in  the  latter  three 
cases  the  extrapolation  of  the  line  of  microhardness  for  a  carbon 
content,  equal  to  zero,  yields  an  approximate  value  of  the  micro¬ 
hardness  of  the  corresponding  metals,  this  is  not  observed  for 
titanium  nitride.  If  in  the  carbides  the  character  of  the  distribution 
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in  nitride  it  varies  as  a  result  of  the  appearance  of  a  considerable 
fraction  of  ionic  bonding.  As  can  be  seen  from  Pig.  4,  the  fraction 
of  ionic  bonding  increases  with  the  reduction  in  the  content  of 
nitrogen  in  the  nitride  lattice.  The  latter  can  be  associated  with 
the  formation  of  Me  -  Me  bonds,  by  smaller  disturbance  due  to  this 
of  the  valence  electrons  of  the  nitrogen  atoms  and  by  a  corresponding 
increase  in  the  energy  gap  between  the  d-  and  s-states  of  the  titanium 
and  the  p-state  of  the  nitrogen. 


The  contractibility  of  titanium  nitride,  according  to  Bridgman 
[149],  is  expressed  by  the  following  relationships: 

AV/V0  =  3,32.10^  —  2.13- lCT'V  when  30  C, 

AV/V0  =  3.51  -10-7p  —  2,13-  10“V  when  75°C» 

2 

where  VQ  is  the  volume  when  p  *  0,  p  is  the  pressure,  kg/cm  . 

The  elastic  modulus  of  titanium  nitride,  obtained  on  samples 

3  2 

with  low  density  (3.03  g/cm  ) ,  is  equal  to  8060  kg/mm  [125,  139], 
this  is  an  understated  value.  Then  the  elastic  modulus  of  titanium 

p 

nitride  was  determined  equal  to  25,600  kg/mm  [166],  The  elastic 
modulus  of  TIN  within  the  limits  of  temperatures  of  up  to  600°C 
varies  little  [195]. 

According  to  [1031],  the  elastic  modulus  of  nonporous  titanium 

2 

nitride  is  equal  to  61,600  +  2000  kg/mm  (to  which  the  characteristic 
temperature  79 6  +  15°K  corresponds),  and  according  to  [1077]  is 
44,000  kg/mm2  (0  =  847°K) . 

The  mechanical  properties  of  titanium  nitride  have  hardly  been 

studied;  there  exists  information  only  about  the  limit  of  its 

2 

compressive  strength  at  20°C,  which  is  100-130  kg/mm  [146], 


177 


For  titanium  nitride  a  low  specific  electrical  resistance  is 
characteristic,  equal  to  about  25  uft*cm  which  is  approximately  two 
times  lower  than  the  electrical  resistance  of  metallic  titanium 
[144].  An  investigation  of  the  electrical  properties  of  titanium 
nitride  in  the  region  of  homogeneity,  conducted  by  us  Jointly  with 
T.  S.  Verkhoglyadova  [145],  showed  that  with  a  decrease  in  nitrogen 
content  the  fraction  of  ionic  bonding  in  the  lattice  is  increased 
with  a  corresponding  variation  not  only  in  the  level,  but  also  in 
the  nature  of  the  conductivity.  The  variation  in  the  electrical 
resistance  of  titanium  nitride  in  the  region  of  homogeneity  (see 
Fig.  5)  is  nonlinear  and  differs  from  the  sequence  of  resistance  of 
titanium  carbide.  The  appearance  of  an  energy  gap  in  the  lattice  of 
titanium  nitride  with  incomplete  nitrogen  content,  assumed  for 
titanium  nitride  in  works  [151,  152],  is  confirmed  by  measurements 
of  electrical  resistance  at  high  temperatures  (see  Fig.  6).  It  has 
been  shown  that  titanium  nitride  with  a  nitrogen  content,  close  to 
stoichiometric  (49.8  at.  %  of  N)  exhibits  a  linear  increase  in 
electrical  resistance  with  temperature.  With  a  decrease  in  the 
nitrogen  content  to  48.4  at.  %  a  maximum  of  resistance  appears  at 
l800°C .  With  further  lowering  in  the  nitrogen  content  the  resistance 
increases  with  the  simultaneous  shift  of  the  maximum  to  the  region  of 
lower  temperatures:  750°C  for  the  nitride  with  43.4  at.  %  of  nitrogen; 
550°C  for  38.6  at.  %.  The  width  of  the  energy  gap  with  a  decrease 
in  the  nitrogen  content  increases.  Thus,  a  reduction  in  the  nitrogen 
content  in  titanium  nitride  within  the  limits  of  the  region  its 
homogeneity  leads  to  an  increase  in  the  fraction  of  i  lie  bonding. 

Now  the  sensitivity  of  the  electricap  properties  of  titanium 
nitride  to  impurities  is  understandable,  especially  those,  which 
can  contribute  to  an  increase  in  the  degree  of  polarization  of  the 
nitrogen  atoms.  Thus,  already  in  the  early  work  of  Munster  and 
Sagel  [172]  it  was  demonstrated  that  the  electrical  conductivity  of 
films  of  titanium  nitride,  applied  by  condensation  from  the  gaseous 
phase  on  various  linings,  essentially  depends  on  the  composition 
of  the  latter  and  the  possibility  of  the  transition  of  its  components 
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in  the  nitride  layer.  Nitride  films,  applied  to  linings  of  metallic 
tungsten,  and  also  of  aluminum  oxide  exhibit  a  metallic  character  of 
conductivity.  Nitride  films,  deposited  on  a  lining  of  Si02,  have 
a  negative  temperature  coefficient  of  electrical  resistance  (Fig.  56). 
This  can  be  connected  with  the  relatively  easy  reducibility  of 
Si02  and  the  transition  in  the  process  of  the  deposition  of  the 
nitride  of  a  definite  part  of  the  oxygen  of  the  SiC>2  in  the  TIN 
layer,  apparently,  with  the  formation  of  a  TiN  -  TiO  solid  solution. 

A  subsequent  work  [17*0  confirmed  these  considerations.  Data  about 
the  electrical  properties  of  films  of  titanium  nitride  are  given  in 
Table  55. 


Table  55.  The  electrical  properties  of 
films  of  titanium  nitride,  obtained  by 
the  deposition  of  the  gaseous  phase  on 


different  1* 

Lnings . 

Material 
of  the 
lining 

Thick¬ 

ness 

of  tht 

1  layer 
of 

TiN, 

u 

Specific  electrical 
resistance,  Q,  *oir. 

Temperature 
coefficient 
of  resis¬ 
tance  in 
the  inter¬ 
val  700- 
-800°C 

Hall 

constant 

oai3/c 

0 

!  20  C 

800°C 

Tungsten 

_ 

1.65  10— 5 

5,82-Kr5 

+3.2-  !0~* 

AljO, 

7 

4,6- 10_s 

1.2.10-* 

-4-2-10— 2 

1,2-10-* 

SiO, 

3 

1.4  10-* 

1.8.10-4 

-2-10'* 

( quartz ) 

9- 

3,910-4 

1.6-10-*  • 

— 4-  io— 4 

— 1.  ,3- 10  * 

Fig.  56.  The  temperature 
dependence  of  the  electrical 
resistance  of  films  of  TiN, 
applied  as  linings.  1  — 

Si02  (the  thickness  of  the 

film  is  3  li).  2  -  Si02  (the 

thickness  of  the  film  is  9  u). 
3  —  AlgO^  (the  thickness  of 

the  film  is  7  Vl.  4  ~  tung¬ 
sten  wire. 
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These  data  are  confirmed  by  investigations  of  the  electrical 
properties  of  the  TIN  -  TiO  system,  carried  out  in  [17^].  It  was 
demonstrated  that  he  addition  of  oxygen  to  titanium  nitride  brings 
out  tue  semiconductor  nature  of  its  r'~ Juctivity. 

In  works  [1057,  1078]  the  dependence  of  the  electrical 
resistance  of  titanium  nitride  with  the  composition  TiNQ  gg  on  the 
porosity  of  the  samples  was  investigated. 

With  an  increase  in  pressure  the  electrical  resistance  ox' 
titanium  nitride  drops,  just  like  for  the  majority  of  mecals;  the 
mean  baric  coefficient  of  electrical  resistance  at  pressures  up  to 
12,000  kg/cm2  is  9-35-10'7  at  ?.0°C  and  9-97-10-7  kg/cm2  at  75°C 
[1^9]. 

The  electrical  conductivity  of  titanium  nitride  at  low 
temperatures  has  been  repeatedly  investigated,  where  the  transition 
point  to  superconductivity  was  assumed  within  broad  ranges  —  from 
1.1  to  5.6°K  [168,  169].  The  most  reliable  value  of  T^  is  considered 
to  be  4.85°K  [1001]. 

The  thermoemission  properties  of  titanium  nitride  have  been 
little  studied  [170];  the  work  function  of  the  electrons  is  cf>  =  2.92 
eV,  Richardson's  constant  is  A  =  120  A/cm*deg2  [1*40];  according  to 
[252]  =  3-70  eV. 

Titanium  nitride  is  slightly  paramagnetic  with  a  molar  magnetic, 
susceptibility  of  48*10  ^  [171]. 2 

Chemical  properties.  The  first  systematic  investigation  of  the 
resistance  of  titanium  nitride  to  oxidation  was  carried  out  in 
work  [154],  In  Fig.  57,  according  to  this  work,  the  dependence  of 
the  thickness  of  the  film  on  a  compact  sample  of  TIN  obtained  by 
hot  pressing  on  oxidation  time  at  various  temperatures  is  shown, 

Or.  the  basis  of  chemical  and  electron  diffraction  analysis  of  oxide 
films  it  was  established  that  even  at  low  temperatures  a  solid  thin 
layer’-  of  TiN  -  TiO  solid  solution  will  be  formed  on  the  nitride, 
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similar*  to  the  pseudomorphi c  layers,  observed  in  the  oxidation  of 
metals.  Upon  achieving  a  definite  critical  thickness  this  layer  in 
its  external  part  begins  to  be  converted  into  Ti20^  and  TiC>2 .  The 
first  stage  —  the  formation  of  a  layer  of  TIN  —  TiO  solid  solution  — 
corresponds  to  the  initial  section  of  isotherms  (curvilinear),  and 
the  second  stage  -  the  rectilinear  section.  The  diffusion  of  oxygen 
ions  through  the  layer  of  the  TiN  -  TiO  solid  solution  is  connected 
with  considerable  apparent  activation  energy,  constituting,  according 
to  work  [154],  54.94  kcal/mole. 


Pig.  57*  The  dependence  of  the 
thickness  of  a  film  on  a  sample  of 
TiN  on  oxidation  time  at  different 
temperatures . 


In  work  [238]  was  conducted  a  seudy  of  the  oxidation  of  titanium 

p 

nitride  (the  specific  surface  is  1500  g/cm  )  powder  dispersed  in 
dry  and  humid  air  at  600-750°C.  The  basic  conclusions  of  work  [154] 
were  confirmed;  it  was  shown  that  the  oxidation  curves  consist  of 
two  sections  —  an  initial  rectilinear  one,  corresponding  to  the 
chemical  interaction  of  titanium  nitride  with  oxygen,  and  a 
subsequent  one  —  a  nonlinear  one,  corresponding  to  the  diffusion  of 
oxygen  to  the  titanium  nitride  through  the  oxide  film.  It  was 
ascertained  that  the  oxidation  curves  of  the  nitride  in  humid  air 
(to  6  vol.  %  of  water  vapors)  practically  coincide  with  oxidation 
curves  in  dry  air  that  indicates  in  principle  an  identical  oxidation 
mechanism.  The  activation  energy  for  the  first  oxidation  stage 
(the  chemical  interaction  of  the  nitride  with  oxygen)  is  44.9  kcal/mole, 
for  the  second  stage  (diffusion  .through  the  oxide  film)  -  5 h .60 
kcai/mole  which  agrees  well  with  the  data  of  [1541  -  5*1.94  and  [239] 

-  54.30  kcal/mie . 
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Technically  noticeable  oxidation  or  titanium  nitride  begins  at 
temperatures  higher  than  700-800°C.  According  to  [238],  titanium 
nitride  powder  at  850°C  is  completely  oxidized  in  less  than  10  min. 

A  further  detailed  investigation  of  the  kinetics  and  the 

oxidation  mechanism  of  titanium  nitride  was  carried  out  by  Munster 

and  Schlamp  [155],  who  also  analyzed  the  data  of  the  corresponding 

works  of  other  researchers.  The  authors  [155]  investigated  the 

oxidation  rate  of  titanium  nitride  in  the  temperature  interval  of 

625-lQ75°C  in  pure  oxygen  with  its  normal  pressure  on  the  titanium 

nitride  samples,  deposited  in  the  form  of  layers  on  alundum  plates 

(according  to  the  reaction  TiCl^  +  2H^  +  1/2  N2  •+  TIN  +  4HC1;  the 

nitrogen  content  in  a  layer  was  22.2-22.9%).  The  shapes  of  the 

isotherms,  obtained  in  this  work,  were  analogous  to  the  isotherms 

in  Fig.  57,  i.e.,  they  also  consist  of  two  sections  -  a  parabolic. 

and  a  linear  one  to  which  the  activation  energies  respectively 

correspond  46,400  and  24,500  cal/mole.  In  the  accepted  limits 

‘-er.neratures  the  isotherms  are  satisfactorily  described  by  the 
2 

equation  t  =  ay  +  by;  above  900°C  with  protracted  periods  of 
oxidation  certain  deviations  occur. 

Munster  and  Ruppert  [157]  ascertained  that  the  surface  layer  of 
titanium  nitride  with  a  thickness  of  less  than  1  p  is  completely 
destroyed  in  air  within  several  hours  at  700°C.  Pollard  and  Woodwart 
['.58,1  studied  the  interaction  of  titanium  nitride  with  oxygen  at 
L,~’G0oC  with  respect  to  the  variation  in  pressure  in  the  system.  In 
the  first  15  min  the  pressure  drops  sharply  (by  approximately  two 
times),  then  a  slow  increase  in  the  last  begins.  An  analysis  of  the 
residual  gas  showed  that  the  atomic  ratio  of  absorbed  oxygen  to 
liberated  nitrogen  was  equal  to  1.7,  whereas  for  the  reaction 

TiN  f  0,  =  TiO,  +  ViN, 

the  ratio  expected,  was  equal  to  2.  The  pressure  drop  in  the  initial 
period  was  explained  by  the  slow  elimination  of  nitrogen  from  the 
lattice,  and  the  noncorrespondence  of  the  amounts  of  absorbed  oxygen 
and  liberated  nitrogen  -  by  the  dissolution  of  oxygen  by  the  nitride 
lattice.  Basically  these  observations  agree  with  the  data  of  work 
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[154]  with  respect  to  the  formation  upon  oxidation  of  titanium 
nitride  in  the  initial  period  of  the  layer  of  the  TiN  -  TiO  solid 
solution.  In  work  [15 Si  the  exaggerated  border  of  stability  of 
compact  titanium  nitride  to  oxidation  is  cited,  corresponding  to 
1100-l400°C . 

Powered  titanium  nitride  burns  in  a  stream  of  oxygen  even  at 
700-800°C. 

With  respect  to  hydrogen  stoichiometric  titanium  nitride  is 
inert.  Thus,  according  to  [110],  the  nitride  baked  to  the  melting 
point  preserves  in  a  hydrogen  medium  its  complete  nitrogen  content; 
authors  of  certain  early  works  observed  only  slight  absorption  of 
hydrogen  upon  the  heating  of  nonstoichicmetric  nitride  at  1000°C, 
and  also  a  very  insignificant  liberation  of  ammonia  under  similar 
conditions  [139].  Mixtures  of  nitrogen  and  hydrogen  do  not  interact 
with  titanium  nitride  at  1200°C  [158]. 

Titanium  nitride  of  stoichiometric  composition  is  stable  with 
respect  to  the  action  of  CO;  a  nitride  with  a  nitrogen  deficiency  is 
readily  decomposed  by  CO  and  C02>  The  oxidation  of  stoichiometric 
TiN  by  carbon  dioxide  proceeds  slowly  according  to  the  reaction 

2HN  +  4CO,  -►  2TiOs  -f  4CO  -f  N„ 

the  rate  constant  of  which  is  expressed  by  an  equation  for  reactions 
of  the  second  order  [158] 


v  _  4Sp 
A  px(p  —  4\p)  * 


where  p  is  the  initial  pressure  of  the  C02,  Ap  is  the  variation  in 
pressure  during  the  time  t  of  the  reaction  (Table  56). 

Water  vapors  practically  do  not  act  on  the  titanium  nitride;  an 
attempt  at  the  beginning  of  rhe  1900's  to  use  titanium  nitride  to 
produce  ammonia  by  the  action  on  it  of  mixtures  of  H20  vapor  and 
oxygen  under  reduced  pressure  did  not  give  positive  results  [139]. 
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At  low  temperatures  (up  to  270°C)  chlorine  does  not  act  on 
titanium  nitride,  and  at  temperatures  from  300  to  400°C  TIN  is 
chloridized  by  gaseous  chlorine  [160].  Upon  heating  in  a  stream  of 
HC1  at  600-650°C  titanium  nitride  is  quantitatively  converted  to 
TiCl^  [161]. 3 


I 
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Titanium  nitride  is  decomposed  by  HC1  (at  temperatures  higher 
than  1200-1300°C)  with  the  formation  of  a  mixture  of  gaseous  TiCl^ 
with  hydrogen  and  nitrogen.  Along  with  TiCl^  the  lower  chlorides  of 
titanium  TiCl^  and  TiCl2  will  also  be  formed.  This  mixture  is  able 
to  act  on  metallic  surfaces  (for  example,  on  molybdenum)  with  the 
formation  of  titanium  nitride  again  [237]. 

Titanium  nitride  energetically  reacts  with  NO  and  NC>2,  however 
a  quantitative  investigation  has  still  not  been  carried  out  [ 15 8 ] . 

Upon  heating  titanium  nitride  in  a  stream  of  hydrogen  with  sulfur 
vapors  introduced  into  the  latter  at  a  temperature  of  700-800°C 
the  nitride  is  converted  into  titanium  sulfide  [139]. 

The  behavior  of  titanium  nitride  with  respect  to  acids  and 
alkalis  has  been  investigated  in  great  detail  in  recent  years  [162], 
The  TIN  during  the  course  of  24  .h  at  room  temperature  practically  does 
not  dissolve  in  hydrochloric,  sulfuric,  perchloric,  phosphoric  acids 
or  mixtures  of  perchloric  and  hydrochloric,  oxalic  and  sulfuric  acids. 
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Boiling  hydrochloric  sulfuric  and  perchloric  acids  act  weakly  or.  it 
within  2  h;  it  is  Unstable  in  the  cold  to  the  action  of  sodium 
hydroxide  solutions.  A  survey  of  the  early  works  concerning  this 
question  is  given  in  [139]. 

Refractory  properties  [163,  164].  Titanium  nitride  is  resistant 
to  the  action  of  molten  tin,  bismuth,  lead,  cadmium  and  zinc  (Table 
57). 


Table  57.  The 
behavior  of  titanium 
nitride  in  contact 


with  molten  metals. 


Metal 

Tem¬ 

per¬ 

ature 

°C 

Time 

of 

con¬ 

tact, 

h 

Content  of 

Ti  in  the 
metal  after 
remelting,  % 

Sn 

350' 

>0 

Not  detected 

350 

40 

0,26 

Bt 

380 

10 

Traees 

3S0 

40 

0,07 

Pb 

450 

10 

0,04 

450 

40 

0,20 

Gd 

450 

10 

0.20 

450 

40 

0,07 

Zb 

520 

10 

0,06 

Molten  pig  iron  and  basic  cupola  slag  at  a  temperature  of  1500°C 
moisten  titanium  nitride,  but  do  not  react  with  it.  Chekh  and 
Seybal  in  the  Institute  of  Powder  Metallurgy  ChSSR  investigated  the 
wettability  of  titanium  nitride  in  a  vacuum  at  1550°C.  It  was 
found  that  titanium  nitride  does  not  moisten  iron;  it  moistens  nickel 
well;  nickel  and  chromium  alloy  (1:1)  is  corroded  by  the  nitride. 
Under  the  effect  of  molten  aluminum  slight  surface  corrosion  of 
titanium  nitride  (after  30  min  1000°C). 

A  crucible  of  titanium  nitride  (20. 75^  N),  baked  at  l800°C 
in  a  vacuum  at  a  pressure  of  1.5  mm  Hg  for  15-30  min,  was  not 
corroded  and  was  not  destroyed  in  molten  electrolytic  iron  (at 
1700°C),  raw  iron  (1600°C),  nickel,  cobalt,  chromium  (l600°C), 
manganese  (l400°C),  copper  (1200°C),  aluminum  (1000°C)  and  iron 
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phosphide  <1200°C)  [139].  Very  pure  titanium  nitride  also  does  not 
react  with  iron  in  vacuum. 

With  intense  heating  the  nitride  does  not  react  with  tungsten 
powder;  the  addition  of  up  to  10 %  TiN  to  tungsten  hardly  varies  the 
melting  point  of  the  latter;  with  a  further  increase  in  the  nitride 
content  of  the  melting  point  drops,  however  it  was  not  metallographi- 
cally  possible  to  observe  a  reaction.  Thus,  according  to  work  [110], 
titanium  nitride  does  not  react  with  tungsten  in  a  broad  region  of 
temperatures  and  compositions.  It  was  noted  that  a  tungsten  filament 
does  not  react  with  titanium  nitride  also  when  producing  the  latter 
by  the  method  of  accumulation  from  the  gaseous  phase. 

Crucibles  of  titanium  nitride  at  high  temperature  are  intensely 
corroded  by  the  oxides  FegOj,  Mn0»  S102  and  glass  C161*]*  Powdered 
titanium  nitride  is  oxidized  upon  heating  with  readily  reducible 
oxides  of  the  CuO,  PbO,  HgO  type,  where  oxidation  is  frequently 
accompanied  by  intense  sparking  and  spontaneous  combustion. 

The  authors  [1653  investigated  the  electrochemical  behavior  of 

anodes  of  titanium  nitride  in  a  LiCl  +  KC1  chloride  melt  and  showed 

that  even  at  low  current  densities  (CQ  *  0.0CMJ-0.035  A/cm  )  prolonged 

electrolysis  is  accompanied  by  the  liberation  on  them  of  nitrogen 

and  by  the  transition  of  tetravalent  titanium  in  the  electrolyte. 

-3  2 

Below  1.5*10  A/cm  the  anode  potential  varies  little  with  current 

density;  a  considerable  polarization  of  the  nitride  anodes  is 

2 

observed  in  the  Interval  0.002-0.2  A/om  ,  where  the  potential 

p 

increases  by  0.6-0. 7  V.  Above  0.2  A/cm  the  anode  potential 
practically  becomes  constant. 

The  results  of  the  study  of  the  behavior  of  titanium  nitride  in 
contact  with  niobium,  tantalum,  molybdenum  and  tungsten  in  the  solid 
state  at  temperatures  of  l600-2100°C,  conducted  by  us  jointly  with 
0.  A.  Yasinskaya  and  E.  A.  Pugach  according  to  the  method,  described 
in  work  [163],  show  that  titanium  nitride  is  most  stable  in  contact 
with  molybdenum  (Table  58). 
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Table  5°.  The  behavior 
of  .titanium  nitride  in 
contact  with  refractory 
metals  at  high  tempera¬ 
ture  . 


Tempera¬ 
ture,  °c 

Kb 

T.  | 

Mo 

w’ 

2  5 
h  h 

2  ;5 
h  h 

2  j  5 
h ,  h 

i 

2  5 

h  h 

1600 

—  — 

H  — 

H  — 

H  — 

1800 

—  c.1 

H 

H  H 

H  H 

2000 

B  D 

B  — 

C/I  C/1 

cn  b 

2100 

c  c 

C 

—  B 

B  — 

Note :  b  —  react,  c  — 
react  intensely,  c;i  - 
react  slightly,  h  -  do 
not  react. 


The  interaction  of  titanium  nitride  with  carbon  was  investigated 
in  [1571;  it  was  found  that  the  reaction 

TiN  +  C^TiCf  VSN, 

is  accompanied  by  a  decrease  in  free  energy,  being  dependent  upon 
temperature 

AF>=  39650  —  20.157*  (Fig.  58,  line  1). 


II 

!■ 

1 


Pig.  58.  Variation  in  free  energy  upon 
the  carburization  of  titanium  nitride.  1  - 
according  to  the  reaction  TiN+c^Tic+wfe  2  -  the 

same,  but  taking  into  account  the  formation 
*00  too  1200  t*h  of  the  solid  solutions  tic-tin <xlic-  0.?*. 


Thus,  with  an  increase  in  temperature  the  resistance  of  the 
nitride  with  respect  to  carbon  decreases,  obviously,  due  to  its 
inclination  to  dissociate,  and  carbide  will  be  partially  formed. 
This  equation  for  AF^  is  derived  neglecting  the  formation  of  solid 
solutions  of  TIN  -  TiC;  if  one  were  to  consider  the  latter,  then 
the  variation  in  free  energy  would  be  expressed  by  the  equation 
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»  -  i-  *TIC  .  htr. 

“^TIN-T'C  =  */i«<  mpN  =  Ki  in  — -  i-  Ki  in  -r-^- , 

*  'TIN  'tin 

where  x  is  the  molar  concentration,  f  is  the  coefficient  of  activity. 
Line  2  in  Pig.  58  shows  the  variation  in  free  energy  upon  the 
formation  of  the  solid  solutions,  xTic  =  0.7,  where  it  is  assumed 
that  fTlc  =  fTiN  =  1.  As  can  be  seen,  the  formation  of  the  solid 
solution  TIN  —  TiC  has  little  effect  on  the  reaction  of  titanium 
nitride  with  carbon. 


In  [231,  232,  1079]  the  interaction  reaction  of  titanium  nitride 
with  carbon  (TiN  +  C  =  TiC  +  within  the  temperature  limits  of 

l480-2480°C  was  again  investigated  at  the  atmospheric  pressure  of 
nitrogen.  The  expression  for  the  temperature  dependence  of  the 
equilibrium  constant  was  found 

lgtf,=  -^-+2,78. 

and  it  was  also  shown  that  the  limiting  link  in  determining  the 
equilibrium  state  are  the  diffusion  processes  —  the  supply  of  carbon 
to  the  surface  of  the  titanium  nitride  particles,  and  also  diffusion 
inside  the  particles. 

Methods  of  producing  titanium  nitride.  The  basic  methods  of 
producing  titanium  nitride  are: 

1)  the  nitridation  of  metallic  titanium  or  its  hydride; 

2)  the  interaction  in  the  gaseous  phase  between  TiCl^  and  ammonia 
or  mixtures  of  nitrogen  and  hydrogen; 

3)  the  decomposition  of  titanium  amminochlorides  and  other 
similar  compound,  containing  titanium  and  nitrogen; 

4)  the  reduction  of  Ti02  with  carbon  or  metals  in  a  nitrogen 
medium. 
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The  hitridaticn  of  metallic  titanium  was  first 


carried  out  by 


Liebig  in  1831.  In  works  C 175 >  141,  143]  titanium  nitride  was 
produced  by  the  nitridation  of  titanium  powder  in  molybdenum  boats 
at  a  temperature  of  1100-1200°C  in  nitrogen  or  in  a  stream  of 
Hg  +  Nj  in  a  pocelain  tube  in  1-2  h.  Alexander  [176]  proposed 
producing  titanium  nitride  by  nitriding  its  hydride;  this  method  was 
used  by  Duwey  and  Odell  [177],  who  nitrided  the  hydride  at  1800-1900°C 
with  pure  nitrogen.  An  analogous  method  was  developed  by  Foster 
[196],  who  nitrided  titanium  hydride  by  heating  it  in  a  stream  of 


NH^  for  almost  100  h  at  1000°C.  Ehrlish  [135]  produced  titanium 
nitride  by  nitriding  99 • 9 %  titanium  shavings  with  pure  nitrogen  for 
2-3  h  at  1200°C  (in  a  corundum  tube).  And  after  a  single  nitridation 
a  nitride  of  the  composition  TINq  ^  will  be  formed.  After  the 
pulverization  and  repeated  nitridation  of  this  product  the  nitrogen 
content  increases  to  TiN^  i.e.,  to  the  expected  50  at.  %.  By 
heating  a  mixture  of  TiN  +  Ti  in  a  tungsten  boat,  Ehrlish  [135] 
produced  titanium  alloys  with  a  broad  range  of  nitrogen  content  of 
the  latter  with  arbitrary  formulas  from  TiNQ  ^  to  TiN^  Q. 


Gvozdov  and  Zhurenkova  [204],  who  also  investigated  the  reaction 
of  titanium  with  nitrogen,  ascertained  that  up  to  500°C  nitrogen  does 
not  act  on  titanium;  absorption  begins  at  500°C  and  at  800°C 
energetically  develops  with  the  formation  of  titanium  nitride.  It 
was  noted  that  the  absorption  of  nitrogen  by  titanium  sharply 
reduces  the  subsequent  absorption  of  hydrogen,  and  this  reduction 
mere  significant  than  in  the  case  of  preliminary  oxidation  of  titanium. 


The  process  of  the  nitridation  of  powdered  titanium  under 
conditions,  practically  eliminating  simultaneous  oxidation,  was 
investigated  in  detail  in  [178]. 

For  the  nitridation  titanium  powder  with  a  purity  of  99 .98% 

O 

(lattice  constant  a  =  2.96;  c  =  5-64  A)  was  used,  the  nitridation 
temperature  was  varied  from  500  to  1200°C,  and  the  exposure  at  each 
temperature  was  from  15  to  240  min.  The  temperature  dependence  of 
the  rate  of  speed  nitridation  is  given  in  Table  28.  The  results  of 
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the  nitridation  of  pure  titanium  powder  (Fig.  59)  show  that  the 
dependence  of  the  nitrogen  content  at  temperatures  of  7Q0-900°C 
obeys  to  the  linear,  and  above  —  the  parabolic  law  of  saturation, 
which  one  should  have  expected,  considering  the  broad  region  of 
homogeneity  of  titanium  nitride  and  the  complication  of  the  process 
of  nitrogen  diffusion  into  the  crystal  lattice  in  pioportion  to  the 
filling  of  the  pores  between  the  metallic  atoms  and  t  3  approach  to 
the  upper  border  of  the  region  of  homogeneity.  The  main  saturation 
of  titan„-m  with  nitrogen  occurs  in  the  first  10-15  min,  and  with 
subsequent  exposure  the  nitrogen  content  increases  insignificantly. 
The  complete  termination  of  reaction  diffusion  with  the  formation  of 
a  nitride  of  saturated  composition  is  attained  with  an  exposure  of 
2-4  h  at  1200°C.  The  experiments  with  the  nitriding  of  hydrogenated 
titanium  (with  5>.2?  Ti),  carried  out  in  that  same  work,  showed  that 
the  hydrogen,  introduced  into  the  titanium  latticr _  severely  inhibits 
the  diffusion  of  nitrogen  at  relatively  low  temperatures  of  the 
order  of  500-800°C,  when  titanium  hydride  is  sufficiently  stable. 
Other  things  being  equal  the  products  of  nitridation  contain  two 
times  less  nitrogen.  Starting  at  1000°C,  when  titanium  hydride 
noticeably  dissociates,  the  saturation  by  nitrogen  occurs  more 
intensively,  and  the  maximum  saturation  by  nitrogen  is  attained  at 
1200°C  in  the  course  of  2-4  h,  i.e.,  under  those  same  conditions,  as 
for  the  original  pure  titanium  powder.  With  the  nitridation  of 
titanium  powder  with  ammonia  (Fig.  60)  the  diffusion  of  nitrogen  is 
inhibited . 


Fig.  59.  The  dependence  of  the 
nitrogen  concent  in  titanium 
powder,  nitridation  at  500- 
-1200°C  on  the  exposure  time. 

1  -  theoretical  content;  2  - 
1200;  3  -  1100;  4  -  1000;  5  - 
900;  6  -  800;  7  -  700; 

8  -  600;  9  -  500°C. 
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Fig.  60.  The  temperature 
dependence  of  the  nitrogen 
content  in  titanium  upon  its 
treatment  with  ammonia. 


The  nitridation  of  titanium  hydride  (TiH.^  ^  within  the 
temperature  limits  of  700-1300°C  showed  that  stoichiometric  TiN 
can  be  produced  with?n  5  h  at  1300°C  [1000]. 

Researchers  [226]  prepared  titanium  nitride  by  the  nitridation 
of  titanium  powder  (99. 5  %)  produced  by  the  reduction  of  Ti02  with 
calcium  hydride .  The  nitridation  was  carried  in  a  TW-2  furnace  with 
well  purified  nitrogen  under  the  following  conditions:  blowing 
hydrogen  through  the  furnace  for  20  min,  blowing  nitrogen  through 
the  furnace  nitrogen  for  20  min,  heating  for  1  h  up  to  1200°C,  exposure 
in  a  stream  of  nitrogen  at  1200-1250°C  for  2.5  h,  cooling  with  the 
furnace.  The  titanium  nitride  produced  under  these  conditions 
contained  77.35%  Ti  and  22.39%  N,  i.e.,  it  was  close  to  stoichiometric 
composition. 

Gulbransen  and  Andrew  [179] >  who  studied  the  nitridation  rate  of 
titanium  at  a  pressure  of  769  mm  Hg  with  the  formation  of  titanium 
nitride  according  to  the  simplified  reaction1*  Ti  +  1/2  N2  =  TiN, 
determined  the  character  of  the  dependence  of  the  ’’ate  of  constant 

on  temperature  (Fig.  6l)  and  time  (Fig.  62)  of  nitridation  at  500- 
-900°C.  For  the  temperature  dependence  of  the  rate  constant  of  the 
nitration  reaction  there  were  obtained: 

Temperature,  °C  K,  g/cm“*s  Temperature,  °C  K,  g/cm-^s 

550 
600 
700 
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1.98.10-1* 


l,08.!0-'» 
1. 46.10-1* 
3,2.t0-a 


Fig.  6l.  The  temperature  dependence 
of  the  rate  constant  of  the  reaction 
of  Ti  +  i/2  N2  on  temperature. 


Fig.  62.  The  dependence  of  the 
weight  increase  due  to  the 
nitridation  of  titanium  on  time. 
1  -  500;  2  -  600;  3  -  700;  4  - 
800;  5  -  900°C. 


The  heat  of  activation  calculated  from  these  data  upon  the 
diffusion  of  nitrogen  into  the  titanium  with  the  formation  of  titanium 
nitride  was  equal  to  36,300  cal/mole.  The  time  dependence  of  the 
weight  increase  as  a  result  of  the  nitridation  is  expressed  by  the 
empirical  equation 


=  Kx, 


j 

i 


2 

where  W  is  the  weight  increase,  mg/cm'  of  surface  of  sheet  titanium 
( 99 % )  >  K  is  a  constant,  t  is  the  nitridation  time.  The  nitridation 
titanium  iodide  of  high  purity  proceeds  much  slower. 


The  variation  in  pressure  within  the  limits  of  76-760  mm  Hg  has 
little  effect  on  the  nitridation  rate  which  is  explained  by  the 
formation  of  a  nitride  film  on  the  titanium,  the  dissolution  rate  of 
which  in  the  metal  determines  the  rate  of  the  nitridation  reaction. 
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nitrogen  with  titanium  in  the  region  of  higher  temperatures  —  from 
700  to  1050°C.  They  used  technical  titanium  which  was  nitrided  at 
initial  nitrogen  pressures  of  0.2-0. 5  at.  The  nitridation  rate  was 
approximately  50  times  less  than  the  oxidation  rate  of  titanium. 

In  the  surface  films  on  the  nitridation  titanium  only  the  presence 
of  the  nitride  TiN  was  established. 

The  addition  to  the  titanium  powder  of  5%  KHF2  as  a  catalyst 
substantially  accelerates  the  nitridation  process  [246]. 

One  of  the  technological  procedures  for  producing  titanium  nitride 
is  with  titanium  melt  in  a  nitrogen  medium,  which  was  first  time 
proposed  for  this  purpose  by  V.  P.  Remin  [181].  Subsequently,  the 
regimes  of  this  procedure  were  developed  in  the  work  [132]:  the 
melting  of  titanium  was  carried  out  by  a  current  150  A,  then  the 
current  intensity  was  increased  to  300  A;  the  material  was  held  at 
both  values  of  current  intensity  for  2-3  min.  A  deficiency  of  this 
procedure  is  the  significant  liquation  of  nitrogen  which  hampers  the 
producing  of  a  uniform  product. 


The  authors  [306]  take  note  of  the  fact  that  the  phases  forming 
upon  nitridation  of  refractory  metals,  in  particular  of  titanium, 
are  sufficiently  refractory  which  inhibits  the  diffusion  through 
them  nitrogen,  impedes,  and  in  certain  cases  makes  practically 
impossible,  the  technological  execution  of  nitridation.  Therefore, 
it  is  recommended  in  proportion  to  the  saturation  of  the  sample  with 
nitrogen  to  increase  the  nitridation  temperature  in  order  to  increase 
the  mobility  of  nitrogen  in  the  surface  layer  of  the  metal  being 
nitrided . 

The  interaction  in  the  gaseous  phase  between  TiCl^  and  ammonia 
or  mixtures  of  nitrogen  and  hydrogen.  The  method  of  producing 
tianium  nitride  by  the  interaction  between  TiCl^  and  ammonia  is  one 
of  the  oldest  methods  of  producing  this  nitride,  proposed  by  many 
researchers,  starting  with  Veler  and  Sainte-Claire  DeVille  [1858 
[139]).  At  the  basis  of  this  method  lies  the  reaction 


2  TiCi*  -|-  2  NH»  —  2  TiN  +  6  HCl  +  C!„ 


which  Is  carried  out  at  temperatures  higher  than  1000°C,  i.e.,  the 
titanium  tetrachloride  is  practically  reduced  by  a  mixture  of  hydrogen 
with  nitrogen.  The  technological  development  of  this  method  is  given 
in  detail  in  the  patent  [182]  for  producing  finely  dispersed  and 
homogeneous  (with  respect  to  chemical  composition)  titanium  nitride. 

The  essence  of  the  technology  consists  in  the  supply  of  ammonia  and 
titanium  tetrachloride  preheated  to  a  temperature  of  700-900°C  into 
a  quartz  reaction  chamber  through  an  injector,  along  an  internal 
channel  of  which  the  tetrachloride  moves,  and  along  an  external 
annular  space  -  the  ammonia.  The  reaction  temperature  in  the  chamber 
is  maintained  within  the  limits  of  750-950°C;  for  each  mole  of 
titanium  tetrachloride  in  the  gaseous  phase  2-4  moles  of  ammonia  are 
necessary;  the  rate  of  the  passage  of  the  gases  into  the  reaction 
chamber  is  from  2  to  20  m/s.  It  was  demonstrated  that  the  best 
results  were  obtained  with  the  laminar  flows  of  gases,  for  which  the 
intake  of  the  latter  into  the  reaction  chamber  is  >mplished  by  a 
large  number  of  injectors  with  a  diameter  of  the  internal  tube  of 
0.5-8  mm.  The  reaction  temperature  immediately  near  an  injector 
exit  should  be  100-1200°C  that  ensures  a  sufficiently  high  completeness 
of  the  reaction: 

Temperature,  °C 

Degree  of  conversion 
into  nitride,  % 

The  product,  coming  out  of  the  reaction  chamber  consists  of  a 
very  fine  nitride  suspension  in  a  gaseous  medium  of  chlorine,  HCl 
vapors,  unreacted  reagents,  admixtures  of  other  gases,  which  could 
pass  through  with  the  feeding  of  reagents  into  the  chamber. 

This  mixture  is  first  cooled  in  tubular  heat  exchangers,  and  then 
the  titanium  nitride  will  be  separated  in  a  cycline  separator  by 
electrostatic  precipitation  or  filtration  by  a  ceramic  filter. 


SCO  1000  1200 


73.6  95,7  99,6 
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The  titanium  nitride  produced  by  described  method  is  a  powder 
with  particle  dimensions  of  0.1-0. 6  y  with  a  nitrogen  content  of 
22.2-22.6%. 


According  to  [185],  titanium  nitride  can  also  be  obtained  by 
the  interaction  titanium  tetrachloride  with  ammonia.  It  was  determined 
that  below  1400°C  a  nitride  will  be  formed,  in  the  lattice  of  which 
are  15-20/5  vacant  titanium  points,  which  does  not  agree  with  the 
above-cited  data. 

A  variant  of  this  method  consists  in  the  accumulation  from  the 
gaseous  phase  of  titanium  nitride  on  a  metallic  filament  usually 
according  to  the  reaction 

2Tia*  +  N,-j-4H1  =  2TiN  +-8HCI. 

Van  Arkel  [ 18 3 ]  produced  titanium  nitride  by  this  method  on  a 
tungsten  filament,  heated  to  l400-2000°C,  where  the  deposition 
consisted  of  large  single-crystal  formations.  Analogous  works  were 
carried  out  by  Moers  [184],  and  also  by  Campbell  with  his  colleagues 
[159],  who  investigated  in  detail  the  effect  of  temperatures, 
pressures,  and  current  on  the  process  of  accumulating  the  nitride 
from  the  gaseous  phase.  In  work  [158]  it  was  indicated  that  titanium 
nitride,  exactly  responding  to  the  formula  TIN,  will  be  formed  by 
the  deposition  method  from  the  gaseous  phase  on  a  wire,  heated  to 
^1450°C,  with  a  total  pressure  in  the  reaction  chamber  of  300-400 
mm  Hg,  with  a  partial  pressure  of  TiCl^  of  17  mm  Hg  and  a  content 
ratio  of  N2:H2  =  1:1. 

In  the  recently  completed  work  [1050]  crystalline  titanium 
nitride  was  produced  by  an  analogous  method:  by  deposition  on  a 
tungsten  rod.  At  a  temperature  of  1400°C  and  a  Ti:N  ratio  in  the 
gaseous  phase,  equal  to  1:4  conditions  are  created  for  growing 
crystals  with  dimensions  of  3  *  3  mm;  the  nitrogen  content  in  them 
is  21. 0-21. 355  (TiNQ  g). 
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The  decomposition  of  titanium  ammlnochlorldes .  The  most 
detailed  investigation  of  this  oldest  method  of  producing  titanium 
nitride  was  carried  out  by  A.  Kh.  Breger.  In  work  [1863  Breger 
production  of  titanium  nitride  by  the  reaction  in  the  gaseous  phase 
between  TiCl^  and  NH^  at  800°C  above  inert  substances  with  subsequent 
heating  at  300-350°C  of  the  obtained  intermediate  product  Ti/N^/Clg  * 
x  2NHltCl  to  amminochloride  TiCl^-nNH^  (where  n  =  6,  8)  at  high 

temperature  with  decomposition  according  to  a  reaction  of  the  type 

TIClj-4  NH,  -  TiN  *  HCl  f  NH,. 

The  decomposition  of  TiCl^’^NH^  at  low  temperatures  of  the 
order  of  400-800°C  leads  to  the  formation  of  compounds  of  titanium 
with  nitrogen,  containing  a  deficiency  of  titanium  (and  an  excess  of 
nitrogen  corresponding  to  the  formula  TiN-TixN,  where  x  =  0.85-0.95). 
With  an  increase  in  the  heat-treating  temperature  of  the  ammino- 
chlorides  the  composition  even  more  approaches  the  formula  TiN, 
attaining  it  at  1400-160Q°C. 

With  the  use  for  producing  titanium  nitride  of  amminochloride 
TiCl^-SNH^  a  significant  part  of  the  latter  vaporizes,  and  the  yield 
of  titanium  nitride  is  not  more  than  8—10%  after  6  h  of  heat  treatment 
at  1500°C  [187]. 

It  is  assumed  that  the  amminochlorides  are  not  decomposed  at  once 
to  titanium  nitride,  but  with  the  formation  of  the  intermediate 
compound  TiNCl  (a  compound  of  black  color  with  a  tetragonal  structure), 
forming  at  350-4Q0°C.  Upon  the  heating  of  this  intermediate  product 
for  6-8  h  at  400°C  a  cubic  product  with  a  TiN-lattice  is  produced, 
but  still  containing  chlorine  atoms ,  for  the  complete  removal  of 
which  from  the  lattice  heating  to  1000°C  is  necessary  [188],  Thus, 
the  production  of  titanium  nitride  with  amminochlorides  can  be  on 
the  whole  represented  in  *the  following  manner: 
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The  reduction  of  TiCU  with  carbon  or  metals  in  a  nitrogen  medium. 
The  production  of  titanium  nitride  by  the  reduction  of  Ti02  with 
carbon  in  a  nitrogen  medium  is  based  on  the  reaction 

TiO,+  2  C  +  V*Nj  =  TiN  *2  CO 

and  consists  in  the  reduction  of  Ti02  with  carbon  to  titanium  or  its 
lowest  oxides  with  their  simultaneous  nitridation  to  nitride  or 
hydroxy-nitrides.  In  the  work  of  Friederich  and  Sittig  [110]  Ti02 
or  rutile  heated  in  a  mixture  with  pine  black  (1%  ashes)  in  a  tungsten, 
molybdenum  or  carbon  boat  in  a  current  of  nitrogen  for  several  hours 
at  1250°C.  The  formation  hydroxy-nitrides  in  this  investigation  was 
not  observed  and  the  reaction  product  contained  9 8—99 .5%  titanium 
nitride  (a  nitrogen  content  of  the  order  of  21.9%)  [HO,  io‘7], 

Ruff  and  Eisner  [ 1 87 1  also  prepared  titanium  nitride  by  heat 
treating  a  mixture  of  titanium  dioxide  with  carbon  black  in  a  stream 
of  nitrogen  at  1100-1200°C  and  showed  that  the  product  corresponds 
in  composition  to  the  formula  TiN. 

Subsequently  Remin  [181]  subjected  a  mixture  of  titanium  dioxide 
to  nitridation  with  activated  carbon,  consisting  of  a  weight  ratio 
of  2:1  (i.e,,  with  a  carbon  content  smaller  than  is  expected  from 
the  above-cited  reaction).  Nitridation  was  carried  out  carefully 
with  purified  nitrogen,  ammonia  and  a  mixture  of  nitrogen  with 
hydrogen,  in  which  the  charge  was  placed  in  an  Iron,  nickel  or 
porcelain  boat.  As  a  result  It  was  ascertained  that  in  triple 
nitridation  with  ammonia  (each  time  for  3  h  at  1250°C)  the  nitrogen 
content  in  the  obtained  product  is  17.61$;  with  the  same  treatment 
with  nitrogen  17. ^7% ,  and  with  nitridation  with  a  mixture  of  N2  +  H2 
as  a  result  of  a  6-hour  operation  (the  temperature  rise  to  1250°C 
lasts  about  3  h  and  the  exposure  at  this  temperature  is  also  for 
3  h)  the  nitrogen  content  reaches  a  total  of  l6.M$.  In  this  work 
by  additional  nitridation  It  was  not  possible  to  increase  the 
nitrogen  content  in  the  nitride. 
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By  the  indicated  method  the  formation  of  titanium  nitride, 
obviously,  is  possible  only  after  the  stage  of  the  formation  of  the 
lowest  oxides  of  titanium,  in  the  first  place  of  titanium  oxide 
TiO,  which  forms  a  continuous  series  of  solid  solutions  with 
titanium  carbide  formed  as  a  side  reaction  according  to  the  scheme: 

TiO,  +  C=»  TiO  +  CO, 

TiO,  3  C  ='  TiC  f  2  CO, 

TiO  +  TiC  *»  TiO  —  TiC. 

Upon  nitridation  of  the  solid  solution  a  ternary  solid  solution 
TiO-TiC-TiN  will  first  be  formed,  from  which  titanium  nitride  is 
subsequently  obtained 

TiO  -  TiC  -  TiN  +  N,  ~  3TiN  +  CO. 

This  reaction  scheme  is  confirmed  by  the  data  of  the  work  of 
Belyakova,  Komar  and  Mikhaylov  [191],  according  to  with  the  nitride 
produced  by  the  nitridation*  of  a  mixture  of  T1C>2  with  carbon  at  a 
temperature  of  1100-1500°C,  and  also  titanium  carbide  are  dissolved 
in  TiO,  so  that  the  solid  solutions  TiN-TiC-TiO  are  produced;  upon 
carrying  out  the  reaction  at  1900°C  for  3  h  the  titanium  oxide  is 
completely  reduced  and  the  solid  solution  TiN-TiC  will  be  formed, 
the  concentration  of  which  is  determined  by  relationships,  established 
in  the  work  of  Zelikman  and  Gorovits  (see  below).  In  the  same  work 
[191]  by  attempting  the  direct  nitridation  of  Ti02  with  a  mixture  of 
N2  +  H2  it  was  established  that  at  temperatures  of  1000-1500°C 
formation  of  intermediate  titanium  oxides  occurs,  and  at  1700°C  the 
solid  solution  TiN-TiO  will  be  formed. 

Other  reaction  pattern:,  are  also  possible,  for  example,  those 
cited  in  monograph  [146],  however  the  most  important  of  the  side 
reactions  under  all  circumstances  is  the  formation  of  carbide 
titanium,  yielding  stable  solid  solutions  with  titanium  nitride. 

With  the  sintering  of  cermet  solid  alloys  the  nitrogen,  located  in 


198 


t 


their  compositJon  in  the  form  of  the  solid  solution  TiN-TiC,  is 
practically  not  liberated  from  the  alloy,  remaining  in  the  carbide 
solid  solution  [189].  Up  to  a  temperature  of  1200°C  the  oxidizing 
action  of  the  air  being  sucked  into  the  furnace  mainly  appears,  i.e., 
the  formation  of  hydroxy-nitrides  is  taking  place,  and  in  the 
temperature  range  of  3200-l800°C  the  nitriding  action  predominates. 

Thus  of  great  importance  for  the  production  of  titanium  nitride 
by  the  reduction  of  titanium  dioxide  with  carbon  in  a  nitrogen 
medium  is  the  work  of  Zelikman  and  Gorovits  [190]  studying  the 
equilibrium  of  TiC-TiN  during  the  action  of  nitrogen  on  the  titanium 
carbide 


xTiC  f  y/2N*  £  TiNxK*  —  y)  C.  yN]  fyC. 


The  constant  of  this  reaction  [190]  was  defined  as:  KP—pm- 

and  it  was  found  that  at  a  nitrogen  pressure  of  0.12  at.  (90  mm  Hg) 
depending  on  temperature  it  is:  at  1300°C  -  0.14,  at  1500°C  -  0.22 
and  at  1800°C  -  0.36.  On  the  basis  of  these  data  for  PN2  *  0.12  at. 
the  reaction  isochore  equation  was  derived 

Ig/C„  =  — 2™. +  0,85. 

In  work  [231],  however,  it  was  shown  that  in  writing  the 
equation  of  the  reaction  constant  the  authors  [190]  permitted  an 
error  and  it  is  necessary  to  write  it  in  this  form 

K  _  i rr~  <Tic) 

Ph,  •(TlNf  • 

which  brings  about  good  coordination  with  the  experimental  data  of 
work  [190]. 


199 


It  follows  from  this  that  nitrogen  saturation  at  a  given 
pressure  decreases  with  an  increase  in  temperature.  Thus,  for 
producing  carbon-free  titanium  nitride  with  normal  nitrogen  pressure 
in  a  furnace,  equal  to  1  at.  it  is  necessary  to  carry  out  the 
nitridation  at  temperatures  not  higher  than  1000-1300°C,  and  at 
higher  temperatures  for  complete  nitridation  of  TiC  the  nitrogen 
pressure  should  exceed  1  at. 

These  data  were  confirmed  by  experimental  work,  conducted  by  us 
jointly  with  V.  S.  Neshpor  on  the  nitridation  of  a  mixture  of  TiO? 
with  carbon  black  in  a  current  of  nitrogen  in  a  tubular-graphite 
furnace  [146].  It  was  found  that  nitridation  begins  at  1000°C;  with 
a  one-hour  exposure  the  nitride  yield  is  a  total  of  6-7 %;  at  1300°C 
the  yield  increases  to  15-20%;  at  1400°C  the  yield  sharply  increases 
to  65-70%  and  at  1600°C  it  reaches  93-94/E.  With  the  subsequent 
increase  in  temperature  up  to  1700°C  yield  drops  to  77-78%  with  a 
simultaneous  increase  in  the  nitridation  product  of  titanium  carbide 
due  to  the  shift  of  the  equilibrium  in  the  direction  of  the  formation 
of  TiC  which  agrees  well  with  the  data  of  [190].  The  greatest 
nitrogen  content  in  the  nitridation  product  (at  1600°C)  is  21-22%, 

An  increase  in  the  exposure  time  at  this  temperature  does  not  lead 
to  any  noticeable  change  in  the  nitrogen  content. 

Positive  results  in  carrying  out  the  nitridation  process  at 
relatively  low  temperatures  (of  the  order  of  1200°C)  are  given  by 
multiple  nitridation  of  the  triturated  intermediate  products.  Thus, 
in  our  work  with  V.  S.  Neshpor  the  nitrogen  content  after  the  first 
nitridation  was  12.5%  at  1200°C  after  trituration  (to  destroy  the 
nitride  films  on  the  oxide  particles)  and  after  repeated  nitridation 
-  18.5%  and  after  the  next  trituration  and  third  nitridation  - 
20.06%.  The  coarseness  of  the  nitride  grains  with  this  remains 
practically  constant  and  equal  to  2-3  pm. 

One  of  the  variants  of  the  technology  of  producing  titanium 
nitride  by  the  reduction  of  its  oxygen  compounds  with  carbon  with 
simultaneous  nitridation  is  the1 method  of  the  formation  of 
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nitride  powder,  proposed  in  work  [194],  consisting  in  the  nitridation 
of  a  mixture  of  TiPgO^  (produced  by  the  action  of  H^P,^  on  TKOH)^, 
taken  in  the  hydrolysis  in  the  process  of  producing  Ti02  and  having 
particle  dimensions  of  0.05-0.2  ym)  with  carbon  in  a  stoichiometric 
ratio,  which  is  carried  out  at  1500-l600°C  in  a  nitrogen  medium.  As 
a  result  titanium  nitride  is  obtained  in  the  form  of  a  powder  with 
particle  dimensions  of  1-50  ym. 

Summarizing  what  has  been  said,  it  is  necessary  to  note  that  the 
method  of  nitriding  mixtures  of  T102  with  carbon  is  unsuitable  for 
the  production  of  pure  nitride,  but  is  very  convenient  and  technologi¬ 
cal  for  the  preparation  of  large  quantities  of  titanium  nitride  of 
technical  quality  for  use,  for  example,  in  the  composition  of 
refractory  materials  and  other  articles,  not  requiring  nitride  of 
high  purity. 

Alexander  [192]  proposed  an  analogous  method  of  producing 
titanium  nitride  with  only  one  difference,  that  the  reducing  agent 
of  the  dioxide  is  not  carbon  but  calcium  hydride  CaH2>  A  mixture  of 
fine  Ti02  powder  with  a  small  excess  of  th?  hydride  to  a  calculated 
quantity  according  to  the  reaction  equation 

TiO,  f  CaH,  =  Ti  +  H,Q  +  Caa 

was  placed  in  a  furnace  and  heated  to  form  titanium  in  an  inert  gas 
atmosphere,  after  which  nitrogen  or  ammonia  is  introduced  into  the 
furnace  for  the  formation  of  titanium  nitride 

Ti  f  Ni  (NH,)  -►  TiN  -f  (H*). 

After  washing  the  nitridation  product  of  calcium  oxide  very 
pure  titanium  is  produced  by  this  method. 
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In  the  opinion  of  Alexander,  tne  use  of  calcium  hydride  to  reduce 
•titanium  oxide  provides  a  very  active  reduction  as  a  result  of  the 
dissociation  of  the  hydride  with  the  formation  of  atomic  hydrogen. 
However  this  opinion  was  disproved  by  the  experiments  of  Meyerson 
and  Kolchin  [193],  who  demonstrated  that  the  recombination  time  of 
atomic  hydrogen  into  H2  is  so  short  that  it  is  not  able  to  participate 
in  the  atomic  state  in  the  reduction  process,  which  is  carried  out 
by  the  calcium.  The  hydrogen  liberated  upon  dissociation  of  the 
hydride  serves  as  the  basis  of  a  protective  medium,  preventing  the 
oxidation  of  the  titanium. 

Analogous  experiments  were  conducted  by  us  jointly  with  G.  Z. 
Lankina  using  magnesium  as  a  reducing  agent  of  Ti02 

2  T A -f  4  Mg  +  «  2  TiN  +  4  M«0. 

however  even  at  reduction  temperatures  of  1400-1600°C  they  did  not 
yield  a  nitrogen  content  in  the  nitration  products  higher  than 
7-8%  with  a  titanium  content  of  72-73%,  i.e.,  the  nitridation 
products  are  titanium  hydroxy-nitrides. 

Upon  the  action  of  ammonia  on  Ti02  at  a  temperature  of  900'  C 
mixtures  of  titanium  nitride  (a  =  4,242  A)  will  be  formed  with  the 
lowest  oxides  and  hydroxy-nitrides  [252]. 

Sintering  of  titanium  nitride.  To  produce  dense  articles  of 
titanium  nitride  it  is  most  effective  to  use  the  method  of  hot 
pressing  of  its  powder,  which  is  carried  out  at  1900-2100°C  under 

p 

a  pressure  of  200-300  kg/cm  [232].  The  minimum  residual  porosity 
of  samples  sintered  by  hot  pressing  is  2-4%.  Upon  the  sintering  of 
titanium  nitride  powder  acute  enlargement  of  the  particles  (from 
2-3  to  16-18  ym)  occurs  and  intense  embrittlement,  not  characteristic 
of  other  nitrides  (for  example,  upon  the  sintering  of  tantalum 
nitride  the  coarseness  of  particles  increases  from  4  to  6-7  ym) . 

In  Fig.  63  the  microstructure  of  sintered  titanium  nitride  is  shown. 
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Pig.  63.  The  microstructure  of 
sintered  titanium  nitride. 


Upon  the  sintering  cf  briquets,  pressed  from  titanium  nitride 
powder  in  a  vacuum,  the  porosity  of  the  articles,  sintered  at  a 
temperature  of  2200°C  for  4  h,  is  22%  [232]. 

The  original  method  of  preparing  articles  of  titanium  nitride 
was  reaction  sintering,  consisting  in  the  simultaneous  formation  of 
titanium  nitride  from  the  metal  and  sintering,  and  carried  out  by 
sintering  of  the  intermediate  products,  pressed  from  titanium  powder 
in  a  nitrogen  medium.  This  method  was  simultaneously  proposed  in 
1963  by  Samsonov  and  Verkhoglyadova  [233*  225]*  Gooding  and  Perratt 
[23^].  Since  in  the  formation  of  titanium  nitride  from  the  metal  an 
increase  in  specific  volume  (by  7.5%)  occurs,  with  reaction  sintering 
this  increase  is  realized  by  reducing  the  overall  porosity  of  the 
intermediate  product  of  titanium  which  makes  it  possible,  according 
to  work  [235],  to  produce  articles  of  titanium  nitride  with  a 
porosity  of  13$  (samples  of  titanium  hydride  were  used),  pressed 

p 

under  a  pressure  of  1.1-1. 3  T/cm  ,  treated  in  a  vacuum  at  iJ00-750cC 
to  remove  hydrogen  and  then  sintered  at  950-1000&C  for  1-2  h. 
Nitridation  was  carried  out  starting  at  1100°C  with  a  subsequent 
increase  to  1^00°C  and  by  sintering  at  this  temperature  for  10-20  h. 
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With  a  decrease  in  the  content  of  nitrogen  in  titanium  nitride 
in  the  region  of  its  homogeneity  the  porosity  of  the  sintered 
articles  decreases  and,  for  example,  for  nitride  with  1255  N  after 
4  h  of  sintering  in  a  vacuum  at  2200°C  is  a  total  of  455  ,  after  hot 
pressing  in  argon  at  2100°C  -  555  [232], 

Zirconium  nitrides.  The  phase  diagram  of  the  zirconium  - 
nitrogen  system  in  the  investigated  region  of  compositions,  plotted 
by  Domagala,  Pherson  and  Hansen  [198],  is  shown  in  Pig.  64. 

Zirconium  iodide  was  used  as  source  material.  To  produce  alloys 
zirconium  was  nitrided  at  a  temperature  of  800-1200°C  for  4-12  h. 

The  samples  obtained  were  remelted  in  an  electric  arc  furnace  with  a 
permanent  [nonconsumable]  electrode.  Homogenization  was  carried  out 
at  1200°C  for  48  h  with  subsequent  tempering  for  hardening. 


Pig.  64.  Zirconium  -  nitrogen 
phase  diagram. 


The  8-solid  solution  forms  on  cooling  according  to  a  peritectic 
reaction:  the  liquid  phase  is  0.7  wt .  %  (4.4  at.  %)  N  +  a-phase  is 
3.0  wt.  55  (16.8  at.  55)  N  -►  8-phase  is  0.8  wt .  55  (5.0  at.  %)  N  at 
1800  +  10°C. 

The  addition  of  nitrogen  stabilizes  the  a- variant  of  zirconium, 
increasing  the  temperature  of  the  a  -*•  8-transformation.  The  a-soxid 
solution  forms  at  1985  +  15°C  according  to  a  peritectic  reaction: 
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The  liquid  phase  is  2.4  wt.  %  (13*5  at.  %)  N  +  ZrN  a-phase  is 
4.8  wt.  %  (25  at.  St)  N. 

The  maximum  solubility  of  nitrogen  in  B-Zr  is  0.8  wt .  % 

(5*0  at.  St)  at  the  temperature  of  the  perltectic  reaction  and  descends 
to  zero  at  the  temperature  of  the  a  -*■  B-transformation ,  equal  to 
862°C. 


The  solubility  of  nitrogen  in  a-Zr  is  at  the  temperature  of  the 
formation  of  the  a-solid  solution  4.8  wt ,  %  and  it  drops  with  a 
decrease  in  temperature,  reaching  4  wt .  56  at  600°C. 

The  lower  boundary  of  the  region  of  homogeneity  of  ZrN  lies  at 
11.5  wt.  %  (^46  at.  SO  N  at  a  temperature  of  1985°C.  It  is  necessary 
to  note  that  in  work  [198]  it  was  not  possible  to  produce  zirconium 
nitride  of  stoichiometric  composition  (13-3  wt.  %  N)  and  it  was 
not  possible  to  investigate  the  region  of  homogeneity  of  this 
compound.  The  melting  point  of  ZrN  was  taken  as  equal  to  2980  +  50°C. 

The  data  on  the  study  of  the  Zr-N  system  [198]  agrees  well  with 
the  earlier  results  of  other  works;  thus,  an  increase  in  the 
temperature  of  the  a  •>  B-transformation  with  the  addition  of  nitrogen 
was  noted  in  works  [199,  200];  the  solubility  of  nitrogen  in  a-Zr, 
equal  to  about  20  at.  56 ,  also  coincides  well  wivh  the  data  of  work 
[198]. 

Thus,  in  the  system  only  one  stable  connection  was  detected  - 
the  nitride  ZrN,  although  earlier  there  were  reports  about  the 
existence  of  one  more  nitride  with  13  at.  %  N  [201], 

However,  as  was  noted  in  [248,  249],  the  action  of  ammonia  on 
the  zirconium  tetrahalides  produced  nitride  phases,  containing  more 
nitrogen  than  in  the  nitride  ZrN.  Accordingly  [248],  the  effect  of 
ammonia  on  Zr  at  ^750°C,  and  also  on  ZrCljj  and  ZrBr^  at  higher 
temperatures  produced  the  nitride  ZrxN  of  dark-blue  color  with 
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0.940  >  x  >  0.812.  The  determination  of  the  density  ( 6 . 1—7 . 4  g/cmJ), 

the  change  in  the  parameter  of  the  crystal  lattice,  the  electrical 

-2  -1  -1 

conductivity  (about  3‘19  ft  *cm  )  and  the  magnetic  properties 
(the  preparations  are  diamagnetic)  makes  it  possible  to  assume  that 
the  nitride  contains  tetravalent  of  zirconium  ions,  and  also  tri valent 
nitrogen  (Zr^N^).  This  nitride  crystallizes  to  a  defect  lattice 
of  the  NaCl  type  with  vacant  sites  in  the  zirconium  sublattice  and 
a  lattice  parameter,  varying  within  the  indicated  limits  of  the 

O 

compositions  from  4.556  to  4.440  A.  In  work  [249]  in  an  analogous 
way  according  to  the  scheme 


250°C  500°C 

ZrJ,  -  (Zrlf/jN,)  ZrNI 

700°C 


750°C  Zr,N  (biu«) 


I000°C 

->ZrN 


X 


!000°C 

Zr3N«  (t  rown)  *->•  ZrN 


zirconium  nitride  of  brown  color,  and  a  composition,  corresponding 

to  the  formula  Zr^N^  (a  density  of  5-9  g/cm  ,  a  magnetic  susceptibility 

at  room  temperature  of  \  =  0.03*10"*^)  was  produced.  Both  nitrides 

© 

at  a  temperature  of  1000°C  lose  their  nitrogen  excess  are 
converted  onto  the  stable  mononitride  ZrN. 

The  causes  of  the  formation  of  nitrides  of  such  composition  can 

be  the  following.  The  formation  of  the  nitride  Zr^N^  is  due  to  the 

ionic  bond  between  the  zirconium  and  nitrogen  atoms,  arising  upon  the 

2  2 

transfer  by  the  zirconium  atom  of  all  its  valence  electrons  (4d  5s  ) 

to  the  nitrogen  atoms,  which  in  this  case  should  acquire  an 
2  6 

s  p  -configuration.  However  for  nitrogen  (the  electron  configuration 

2  3  2  6 
of  an  isolated  atom  is  s  p0)  both  the  formation  of  an  s  p  - 

configuration  due  to  the  acquisition  of  the  electrons  of  its  partner 

by  combining,  and  also  the  transfer  of  one  electron  to  its  partner 

3 

with  the  formation  of  a  stable  sp  -configuration  are  possible.  As 
a  rule,  for  nitrogen  atoms  the  second  possibility  is  realized  (for 
example,  in  the  nitrides  BN,  TiN,  ZrN),  and  the  realization  of  the 
first  possibility,  i.e.,  of  the  complete  attraction  of  the  valence 
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electrons  of  its  partner,  becomes  probable  for  hereditary  reasons 

(in  this  case  —  the  tetravaler.ee  of  the  zirconium  in  the  halide, 

26 

the  formation  by  nitrogen  of  a  s  p  -configuration  in  ammonia).  Thus, 

in  a  number  of  compounds  Zr^^Zr^N^  the  statistical  weight  of 

s  p  -configurations  of  zirconium  atoms  is  increased.  This  transition 

0  5 

from  the  set  of  d  -  and  d  -configurations  for  the  zirconium  atoms 
3 

and  the  sp  -configurations  of  the  nitrogen  atoms  with  a  considerable 

fractions  of  nonlocalized  electrons  to  the  high  statistical  weight  of 
0  26 

d  -  and  s  p  -configurations  with  intense  localization  of  the  electrons 
in  these  configurations  is  due  to  the  variation  in  the  character  of 
the  conductivity  from  metallic  for  ZrN  to  semiconductor  for  Zr^N^, 
and  also  to  the  reduction  in  paramagnetism  to  its  complete 
disappearance  for  Zr^N^. 


In  work  [998]  the  structure  of  one  of  the  preparations  with  an 
excess  of  nitrogen  (a  deficiency  of  zirconium)  was  investigated.  The 
composition  of  the  preparation  was  (Zr,  2%  Hf)Q  ^  +  0  035  Ni  O’  its 

3  •  _  -  * 

density  was  6.884  +  0.003  g/cm  (the  density  of  stoichiometric  ZrN 
according  to  these  data  was  7.284  g/cm  ) .  The  cell  maintain  3-913 
moles  with  3.55?  vacant  cation  sites  (8  per  cell)  and  1.15?  vacant 
anion  sites.  The  nitrogen  excess  is  0.19  atoms  per  cell. 


The  width  of  the  region  of  homogeneity  of  the  ZrN  phase, 
according  to  [202], is  from  40  to  50  at.  %  (9.5-13.3  wt.  %  N).  With 
an  increase  in  the  nitrogen  content  in  the  region  of  homogeneity 
of  the  ZrN  phase,  according  to  [202],  the  absolute  value  of  thermo- 
emf  increase  is,  the  Hall  coefficients  and  the  specific  electrical 
resistance  decrease  and  hardness  increases  (Table  59). 


The  electrical  resistance  here  varies  nonlinearly,  which  is 
characteristic  for  nitrides  with  larger  fractions  of  ionic  bonding 
(see  Fig.  5),  and  considerably  steeper  than  for  titanium  nitride 
which  indicates  a  high  rate  of  accretion  in  ZrN  of  the  ionic  bonding 
fraction  with  the  decrease  in  its  nitrogen  content.  The  Hall  effect 
near  the  lower  boundary  of  the  region  of  homogeneity  of  zirconium 
nitride  is  positive  which  indicates  mainly  P-type  conductivity  of 
alloys  of  this  composition. 
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Table  59.  The  variation  in  the 
physical  properties  of  zirconium 


Condi¬ 

tional 

formula 

N  content 

Thermo-jSp6_ 
sraf,  joifio 
^fyde^ielec- 

Hall 
coeffi¬ 
cient 
R-lu*.  r*V* 

Micro- 

hardness, 

kg/mm2 

rt.  # 

at.  $> 

respeci 

to 

oopper) 

resis¬ 
tance, 
lift  x 
x  ora 

^r^O.«75 

9.41 

40.3 

-0,98 

190  ■ 

+5,5 

ZfN0.76 

10,5 

43,3 

-4.0 

75 

+  1.2 

— 

ZfN0  mi 

11.1 

45,0 

-5,4 

58 

-4.4 

850 ±42 

ZrNC« 

11,93 

46,8 

-7.7 

37 

-1.45 

1060+53 

ZrN  ' 

12.52 

48,2 

-7.5 

30 

-1.4 

1260+76 

ZrN 

12,83 

48,9 

-7.4 

28,5 

-1.3 

1390+110 

ZrN'’ 

0.99 

13,2 

49,8 

-7,3 

28 

-1.3 

1520  +  85 

It  is  necessary  to  note  that,  according  to  [978],  the  electrical 
resistance  of  zirconium  nitride  in  the  region  from  45  to  50  at.  % 
nitrogen  varies  linearly  and  attains  at  45  at.  %  greater  values  than 
is  shown  in  Table  59  t^200  yft«cm  as  compared  to  58  yfl.cm).  There 
is  also  a  certain  difference  in  the  course  of  the  variation  of  the 
thermo-emf  in  the  region  of  homogeneity.  According  to  [978],  the 
thermo-emf  is  very  small  and  is  practically  constant  within  the  limits 
of  35-40  at.  %,  and  then  increases  strictly  linearly  up  to  50  at.  % 
of  nitrogen  attaining  for  this  a  saturated  exposition  of  the  order 
of  8  yft/deg,  which  is  close  to  the  data  of  Table  59. 

According  to  [978],  within  the  limits  of  the  region  of  homogeneity 
the  magnetic  susceptibility  of  zirconium  nitride  varies  strictly 
linearly  from  ^40  (at  35  at.  %  N)  up  to  22'10~^  (at  50  at.  %  N) . 

In  Fig.  65  the  temperature-concentration  dependence  of  the 
electrical  resistance  of  zirconium  nitride  on  nitrogen  content  within 
the  limits  of  its  region  homogeneity  is  shown.  It  is  evident  that 
for  alloys  with  a  nitrogen  content,  close  to  50  at.  %,  the 
dependence  of  electrical  resistance  on  temperature  is  practically 
linear  and  is  typical  for  metallic  conductivity.  With  a  decrease  in 
nitrogen  content  the  variation  in  electrical  resistance  then  passes 
through  a  maximum  at  temperatures,  decreased  with  a  reduction  in 
the  nitrogen  content.  Then  the  resistance  decreases,  as  for 
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semiconauctors  wmcn  indicates  tne  widening  oi  tne  energy  gap 
between  the  sd-states  of  zirconium  and  the  sp-states  of  nitrogen, 
corresponding  to  the  increase  in  the  ionic  bond  fraction.  The  more 
rapid  increase  in  the  ionic  bond  fraction  with  the  decrease  in  the 
nitrogen  content  in  zirconium  nitride  in  comparison  with  titanium 
nitride  is  very  apparent  in  Fig.  4,  on  which  by  dotted  lines  the 
nature  of  the  variation  in  the  microhardness  of  the  compositions, 
typical  for  metallic  state  is  shown. 


Fig.  65.  The  temperature-concentration 
dependence  of  the  electrical  resistance 
of  ZrN  in  the  region  of  homogeneity. 

1  -  40.3  at.  !  N;  2  -  34.3  at.  %  N; 

3  -  48.8  at.  %  N;  4  —  49.4  at.  %  N. 


The  results  of  a  study  of  the  effect  of  the  chemisorption  of 
nitrogen  on  the  Hall  effect  and  the  electrical  resistance  of  thin 
films  of  metallic  zirconium  [250]  showed  that  the  electrical 
resistance  increases  which  is  connected ‘with  the  decrease  in  the 
effect  thickness  of  the  metallic  layer.  Actually  the  effect  is 
caused  by  the  transfer  of  a  portion  of  the  electrons  by  the  nitrogen 
atoms  (in  the  rearrangement  of  configuration  s2p^  to  sp^)  to  the 
nonlocalized  state  -  in  the  overall  association  with  the  noniocalized 
electrons  of  zirconium  and  by  the  increase  with  this  of  the  fraction 
of  electrical  resistance,  caused  by  the  interaction  between  the 
nonlocalized  electrons. 


* 
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In  work  [252]  the  thermoemission  properties  of  zirconium  nitride 
on  samples,  prepared  by  the  reaction  sintering  of  briquets  of 
zirconium  powder  in  a  nitrogen  medium  at  a  temperature  of  1300°C 
during  the  cause  of  4  h  were  investigated.  The  work  function  is 
4>  =  3.78  eV. 

The  radiation  factor  of  the  nitride  according  to  these  data 
increases  within  the  temperature  limits  of  800-20Q0°C  from  0.73  to 
0.76  (when  X  =  655  nm) . 

The  coefficient  of  cathode  sputtering  of  zirconium  nitride  upon 
bombardment  by  argon  ions  with  an  energy  of  50-200  eV  is  equal  to 
0.026  mole/ion  which  is  substantially  less  than  the  cathode  sputtering 
of  metals  (for  example,  for  tungsten  the  coefficient  of  cathode 
sputtering  is- equal  to  0.23  at. /ion). 

Zirconium  nitride  ZrN  of  saturated  composition  is  a  yellow-brown- 
colored  powder  with  a  golden  tinge;  in  the  compact  state  it  has 
a  lemon-yellow  color  with  a  metallic  luster. 

In  contrast  to  titanium  nitride,  which  decomposes  upon  being 
heated  in  a  vacuum  into  titanium  vapor  and  nitrogen,  zirconium 
nitride  vaporizes  with  decomposition  into  solid  zirconium  and  nitrogen 
[2033 

ZrN  Ti  -*•  Zrt,  -f-  VjN*. 

The  equilibrium  constant  Kp—p'^  is  equal  to,  according  to  [203]: 

* 

lg  K,  -  —  -y-  +  1 ,48  •  H T*T  +  4.467, 

the  nitrogen  pressure  depending  on  the  temperature  is  determined  by 
the  expression 


lgPN,*=  -  “r1  +  2,96-10 r*r  -f  8,934. 
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Table  60  gives  data  on  the  vaporization  rate  and  the  vapor 
pressure  of  zirconium  and  nitrogen  depending  on  temperature. 


Table  60.  The 
vaporization  rate 
of  zirconium  ni¬ 
tride  and  the  ni¬ 
trogen  of  the 


nitride . 


Temper¬ 

ature, 

°C 

Vaporiza¬ 
tion  rate 

G*1C6, 

g/cm^.s 

Pressure 

of 

nitroren 

PN.W*. 

at. 

2236 

0,534 

0,915 

2259 

1,299 

2,397 

2318 

1,979 

5.583 

2333 

2,714 

4,477 

2344 

3,020 

5,536 

2!51 

14,981 

28,% 

2466 

16,127 

31.04 

The  heat  of  formation  of  ZrN  determined  from  these  data  is 
AH  2cjg  ~  72.53  +  0.43  kcal/mole,  which  is  close  to  the  data,  obtained 
earlier  in  work  [117] ,  according  to  which: 


t  ,K  298,16  500  1000  1500  2000 

-Aft  kcal/mole  82'2  82*‘  8,J  81'6  80'9 

The  H°2^g  y.  for  ZrN  is  equal  to  87.3  +  0.4  and  F°2gg  15  = 

=  -80.5  kcal/mole  [213]. 

In  contrast  to  the  data  of  [203],  in  work  [210],  where  the 
equilibrium  in  the  zirconium-nitrogen  system  at  high  temperatures 
was  investigated,  it  was  established  that  at  temperatures  of  from 
2200  to  2800°K  and  at  pressures  of  from  0.1  to  300  mm  Hg  of 
zirconium  nitride  (in  its  region  of  homogeneity)  dissociates  with  the 
liberation  of  nitrogen  and  with  the  formation  of  not  of  metallic 
zirconium,  but  of  phases  poorer  in  nitrogen  as  compared  to  the 
initial  ones 


ZrN,  =  ZrN,_A  -f  ~  N*. 
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Pig.  66.  The  dependence  of  the  composition  of 
zirconium  on  the  nitridation  temperature;  1  — 
'VIO-IOO;  2  -  ^0.1  mm  Hg. 


The  dependence  of  the  heat  capacity  of  ZrN  on  temperature  is 
represented  by  the  expression  [2063 


C„=  11,10+  1,68- 10^-1, 72- lO^r-*  [cal/deg-mole]  . 


In  work  [207]  the  heat  and  free  energy  of  formation  of  zirconium 
nitride  in  the  region  of  homogeneity  were  determined.  It  was 
demonstrated  that  with  an  increase  of  the  nitrogen  content  in 
zirconium  nitride  both  these  values  Increase  (Table  6l).  It  is 
noted  that  the  effect  of  the  variation  in  the  heats  of  formation  and 
the  decrease  in  free  energy  is  substantially  greater  (by  ^2  times) 
than  for  carbide  systems.  This  is  explained  by  the  sharp  variation 
in  the  character  of  the  chemical  bond  with  the  variation  in  the 
nitrogen  content  within  the  limits  of  the  region  of  homogeneity. 


Table  61.  Variation  of  the 
heats  of  formation  and  the 
free  energy  in  the  region 
of  homogeneity  of  zirconium 
[2073. _ 


Formula  of 
the  nitride 

H8at  of 

formation, 

kcai/raole 

Varia¬ 
tion  in 
entropy 

ASojgg 

Free  energ 
of  forma¬ 
tion  g 

for  oxygen- 
free  ni¬ 
trides 

ZrN0,56  *\o2 

S7,5±0,7 

-12.7 

-52.3 

^rN0,C9  °0.00 

68,7*1,8 

-15,4 

-64,1 

^r^O,74  ®0.00 

72,2:1:0.9 

-16,5 

-67,3 

ZfNo.M  ®0,03 

84,5*0,5 

-20,4 

-76,3 

ZrN/  O0iM 

90,7*0,2 

-22,9 

—81,1 
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The  diffusion  of  nitrogen  into  solid  and  powdered  zirconium  has 
been  studied  in  many  works.  In  work  [208]  the  kinetics  of  the 
nitridation  of  zirconium  were  investigated  in  the  temperature  interval 
862—104 3°C  at  nitrogen  pressures  of  from  10  to  300  mm  Hg;  from  the 
obtained  data  the  activation  energy  was  calculated,  which  was  equal 
to  52  kcal/mole.  In  work  [209]  the  diffusion  of  nitrogen  into 
3-Zr  at  temperatures  of  920-l640°C  and  a  pressure  of  1  at.  was 
studied.  Nitrided  zirconium  contains  97. 8—9 8.2%  Zr,  1.8-2.255  Hf  and 
traces  of  0,  N,  H,  Fe,  Si.  The  nitridation  constant  is  described 
by  the  expression 

K  -  5.0  •  10s  -exp  (48000/RT)  [ ( m2 /cm2 ) 2  s ] , 
the  temperature  dependence  of  the  coefficient  of  diffusion 

p 

1.5-  10~Je.xp(—  30700/ RT)  [cm  /s]  . 

The  solubility  of  nitrogen  in  8~Zr  increases  linearly  with 
temperature  and  at  l600°C  attains  0.6  wt.  %.  In  the  interval 
920-l640°C  solubility  can  be  determined  by  the  equation  [199,  20*0. 

C  =  —  2810  T~l  *f  1 ,42  [ wt .  55]. 

According  to  Gulbransen  and  Andrew  [179],  the  activation  energy 
of  nitridation  of  a-Zr  is  39.2  kcal/mole  (Figs.  67,  68). 


Fig.  67.  Kinetic  curves  of 
the  nitridation  of  zirconium. 
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Fig.  68.  The  temperature 
dependence  of  the  reaction 
rate  constant  Zr  +  1/2  N2  (E  = 

«  39.2  kcal/mole). 


The  results  of  an  investigation  of  the  kinetics  of  the  nitridation 
of  zirconium  powder  [178]  showed  that  the  diffusion  of  nitrogen 
into  a-Zr  with  the  formation  of  a  solid  solution  occurs  with  an 
activation  energy  of  20.0  kcal/mole  (at  500-600°C),  into  a-Zr  with 
the  formation' of  zirconium  nitride  -  with  an  activation  energy  of 
5  kcal/mole  (at  600-1000°C)  and  into  £-Zr  -  with  an  activation 
energy  of  2.8  kcal/mole.  The  low  values  of  activation  energy  are 
connected  with  the  use  of  very  thin  zirconium  powder,  whereas  in  the 
above-indicated  works  solid  zirconium  or  shavings  or  coarse  powders 
was  used. 

The  authors  [222]  investigated  the  nitridation  at  700-1200°C 
of  solid  magnesiumthermal  zirconium,  melted  in  a  crucible.  It 
has  been  shown  that  zirconium  nitride,  forming  on  the  surface  of  the 
metal  at  a  temperature  of  up  to  1000°C,  does  not  penetrate  deep 
into  the  metal,  but  yields  a  thin  film  on  its  surface.  Upon 
prolonged  heating  (up  to  2k  h)  at  higher  temperatures  (1100-1200°C) 
the  nitridation  depth  reaches  about  1.5  mm.  It  was  demonstrated  by 
X-ray  diffraction  analysis  that  the  nitride  with  a  cubic  lattice 
forms  only  in  a  thin  surface  layer,  under  it  is  located  a  layer  of 
solid  solution  in  a-Zr  and  below  it  a  base  of  B-solid  solution. 

With  an  increase  in  the  dispersibility  of  the  zirconium  powder 
being  nitrided  the  time  of  nitridation  and  the  apparent  activation 
energies,  entering  into  the  equation  of  the  nitriding  reaction 
constant,  are  sharply  reduced.  This  reduction  with  an  increase  in 
the  degree  dispersibility  is  intensified  due  to  the  high  heat  of 
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formation  of  zirconium  nitride  that  also  leads  to  a  decrease  in  the 
apparent  activation  energy.  The  latter  effect  is  expressed  to  an 
even  greater  degree  the  higher  is  the  ratio  of  weight  of  the  formed 
nitride  to  the  weight  of  the  particles  being  nitrided,  increasing 
with  the  increase  in  dispersibility.  It  is  also  necessary  to  keep 
this  in  mind  in  cases  of  the  formation  of  nitrides  of  other  metals, 
having  high  values  of  heat  content. 

The  addition  of  51  KHF2  to  the  zirconium  catalytically  accelerates 
the  nitridation  process  [246]. 

In  work  [253]  an  investigation  of  the  diffusion  of  nitrogen  in 
zirconium  by  the  method  of  internal  friction  was  carried  out, 
however  definite  conclusions  concerning  the  mechanism  of  the 
elementary  act  of  diffusion  were  not  obtained. 

The  thermal  conductivity  of  zirconium  was  investigated  at 
temperatures  up  to  1100°C  [211].  The  thermal  conductivity  of 
zirconium  nitride  is  somewhat  less  than  titanium  nitride,  and  varies 
more  moderately  with  temperature  than  TiN  (Pig.  69). 


of  the  thermal 
conductivity  of  TiN 
(I)  and  ZrN  (II) . 
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The  thermal  expansion  of  zirconium  nitride  was  studied  in  rather 
great  detail  Beydler  [212]  on  the  nitride,  obtained  by  the  heating  of 
zirconium  for  4  h  at  a  temperature  of  1250°C  in  nitrogen  and 
containing  52.7?  Zr,  47.2?  N  and  0.05?  Mg.  The  lattice  parameter  of 
a  at  17,445  and  680°C  was  equal  respectively  to  4.5745,  4.5861  and 

O 

4.5965  A,  The  coefficient  of  thermal  expansion  a  is  in  the  interval 
17-1*4500  (6.0  +  0.5) -lO”6,  and  in  the  interval  17-680°C  a  =  (7.0  + 

+  0.5) -10“6. 

The  ZrN  is  a  superconductor  [140,  219]  with  a  critical  temperature 
increasing  from  3°K  for  ZrNQ  ^2  ro  9.5°K  for  ZrNQ  ^g^  C 1069  ] .  The 
thermoemission  characteristics  of  ZrN  are  not  of  technical  interest 
[170,  221];  the  saturation  current  at  2000°K  is  a  total  of  0.05  A 
(see  also  p.  75  ) • 

According  to  [1031],  the  elastic  modulus  of  nonp^rous  zirconium 

p 

nitride  is  equal  to  51,000  +  1500  kg/mm  ,  (the  characteristic 
temperature  is  580  +  10°K).  According  to  [1077],  E  *  40,000  kg/mm2, 

0  =  645°K. 

Chemical  properties.  Nitride  of  zirconium  in  powdery  state 
in  the  cold  is  rather  resistant  to  the  effect  of  many  mineral  acids, 
especially  hydrochloric,  nitric,  perchloric,  and  also  mixtures  of 
the  acids  with  oxidizers  [214],  Upon  heating  the  solubility  in  acids 
and  their  mixtures  sharply  increases;  after  2-3  h  zirconium  nitride 
is  completely  dissolved  in  concentrated  HgSO^,  mixture  of  HNO^  +  HF, 

+  K^SO^.  In  alkaline  solutions  (with  a  concentration  of  up  to 
105t)  zirconium  nitride  does  not  dissolve  even  with  heating;  in  more 
concentrated  alkalis  and  mixtures  of  alkalis  with  oxidizers  of  the 
perhydrol  type  dissolution  occurs  insignificantly.  Atmospheric 
oxygen  do^s  not  oxidize  zirconium  nitride  up  to  900-1000°C.  The  ZrN  is 
one  of  the  stablest  in  this  respect  of  the  nitrides  (it  is  somewhat 
inferior  to  titanium  nitride)  [9]. 
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Refractory  properties .  In  work  [2153  an  investigation  was 
conducted  on  the  character  of  the  interaction  of  zirconium  nitride 
with  refractory  metals  upon  heating  to  high  temperatures  in  vacuum. 
Zirconium  nitride  is  stable  under  these  conditions,  considerably 
more  stable  than  titanium  nitride.  Up  to  2100°C  ZrN  does  not  interact 
for  5  h  with  tantalum,  tungsten;  with  molybdenum  a  weak  reaction 
begins  with  heating  at  2100°C  for  5  h;  with  niobium  it  reacts 
considerably  already  at  2000°C;  below  this  temperature  in  contact 
with  niobium  zirconium  is  completely  stable. 

Methods  of  producing  zirconium  nitride.  The  basic  method  of 
preparing  zirconium  nitride  is  the  direct  nitridation  of  zirconium 
powder  [178].  The  optimum  temperature  of  the  nitridation  of 
zirconium  powder  with  nitrogen  is  1200°C.  The  process  of  saturating 
zirconium  with  nitrogen  in  dissociated  ammonia  occurs  more  slowly: 
a  temperature  of  not  less  than  1400°C  is  necessary.  Hydrogenated 
zirconium  will  form  the  nitride  upon  reaction  with  nitrogen  at  high 
temperatures  of  the  order  of  1300-l400°C.  The  method  of  the  direct 
nitridation  of  zirconium  with  the  formation  of  the  nitride  was  used 
in  work  [213],  where  rather  coarse  zirconium  shavings  (0.002-0.003 
inches)  were  nitridation  for  5  h  at  1300-l400°C.  In  work  [203]  upon 
nitriding  of  zirconium  hydride  ZrH2  in  a  stream  of  nitrogen  at 
1050°C  for  21  h  a  product  was  obtained,  whose  composition  is 
described  by  the  formula  ZrNg  3-73  • 

An  original  method  of  producing  technical  zirconium  by  nitriding 
metallic  zirconium  was  proposed  in  work  [216].  It  consists  of  the 
nitridation  of  moist  zirconium  powder  using  for  heating  the  powder 
to  temperatures,  necessary  for  active  nitridation,  the  heat  of 
oxidation  of  zirconium  and  the  heat  of  formation  of  zirconium  nitride. 
According  to  these  data,  upon  heating  moist  zirconium  powder  in  a 
stream  of  nitrogen  at  450-600°C  for  15  min  products  are  obtained, 
containing  9.5-10.2$  nitrogen,  i.e.,  hydroxy-nitrides  of  zirconium 
or  technical  nitride,  which  in  a  number  of  cases  can  be  used  instead 
of  pure  ZrN. 
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Another  method  of  producing  zirconium  nitride,  first  used  in 
the  work  of  Priederich  and  Sittig  [110],  consists  in  the  reduction 
of  zirconium  dioxide  with  . carbon  in  a  nitrogen  medium 

ZrO,  +  2C  +  »/* N,  -  ZrN  +  2CO 


I 


at  temperatures  up  to  1300°C.  The  obtained  product  contains,  besides 
zirconium  nitride  (to  which  they  first  ascribed  the  correct  formula 
ZrN),  7-10?  impurities,  insoluble  in  sulfuric  acid  and  consisting  of 
ZrO^  and  other  impurities.  Tie  reproduction  of  this  method  showed 
the  impossibility  of  producing  pure  zirconium  nitride.  Obviously, 
this  is  connected  with  the  fact  that  zirconium  nitride,  according  to 
thermodynamic  calculations,  is  stable  in  a  mixture  with  carbon  up  to 
1000°C,  and  with  an  increase  in  temperature  the  reaction 

ZrN  +  C^ZrCf  V.N, 

should  shift  to  the  right  with  the  formation  of  the  more  carbon- 
enriched  solid  solution  ZrC-ZrN.  The  temperature  dependence  of  the 
equilibrium  constant  of  the  interaction  reaction  of  zirconium  nitride 
with  carbon  is  expressed  by  the  equation 

lg/C,  =  --^  +  2,76. 

which  quantitatively  expresses  the  low  stability  of  the  nitride  in 
contact  with  carbon  at  increased  temperatures  [232,  1079]. 

Zirconium  nitride  is  obtained  by  the  method  of  accumulation  from 
the  gaseous  phase  on  a  tungsten  or  zirconium  filament  from  a  mixture 
of  ZrCljj  and  NH_  or  at  a  temperature  of  the  filament  of 

2000-240Q°C,  and  from  a  mixture  of  ZrCl^  +  -  at  3000°C  [45,  159, 

184,  217,  218]. 

The  authors  [251]  deve ’ 'ned  a  method  of  producing  zirconium 
nitride  by  reduction  of  zirconium  dioxide  with  magnesium  in  the 
presence  of  nitrogen 


ZrO,  -<r  2  Mg  +  V,  N,  ---  ZrN  +  2  MgO. 
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This  reaction  has  a  formal  significance,  since  the  reduction  of 
Zr02  with  magnesium  under  thermodynamic  conditions  should  proceed 
not  to  the  metal,  but  to  a  solid  solution  of  oxygen  in  zirconium 
(9-3  at.  %  oxygen  at  1000°C),  which  is  further  reduced  by  the  nitrogen 
due  to  the  additional  liberation  of  free  energy  as  a  result  of  the 
formation  of  zirconium  nitride. 

Technologically  upon  the  reduction  of  ZrOg  with  magnesium  in 
a  nitrogen  medium  at  a  temperature  of  1100°C  of  zirconium  nitride, 
containing  13*3$  nitrogen,  possessing  a  cubic  face-centered  lattice 

O 

with  the  parameter  a  *  4.575  A,  i.e.,  the  obtained  nitride  is  close 
in  composition  to  ZrN.  A  deficiency  of  this  method  if  the  necessity 
of  washing  magnesium  oxide  from  the  reduction  product  which  lengthens 
and  complicates  the  technological  process. 

In  recent  years  continuous  methods  of  producing  Zr-N  have  been 
developed  and  rather  widely  used  [1047].  A  diagram  of  a  device  for 
the  continuous  production  of  zirconium  nitride  is  shown  in  Pig.  ?0. 
Zirconium  powder  is  loaded  into  hopper  1  by  the  vibration  transmitted 
to  the  hopper  by  the  vibrator  2;  it  spills  through  grating  3  and  in 
the  atomized  state  due  to  its  own  weight  falls  downward;  it  enters 
into  the  reactor  heating  zone,  where  it  enters  in  reaction  with 
nitrogen.  The  produced  zirconium  nitride  is  accumulated  in  receptacle 
5,  placed  in  chamber  6.  The  reactor  heating  is  carried  out  with  the 
help  of  electric  furnace  7.  The  temperature  in  the  reactor  is 
1200°C;  the  flow  rate  of  the  zirconium  powder  is  0.5  kg/h;  the 
nitride  yield  is  0.55  kg/h;  the  expenditure  of  electric  power  is 
16  kWh/kg  of  nitride. 

Hafnium  nitrides .  A  phase  diagram  of  the  hafnium-nitrogen 
system  has  not  been  plotted;  it  is  only  known  that  hafnium  will  form 
one  nitride  HfN  with  nitrogen,  which  was  first  produced  and  identified 
by  Van  Arkel  [217]  and  Moers  [ 1 8 4 ] .  This  compound  has  a  metallic 
character  with  a  very  high  melting  point  and  a  cubic  structure. 
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Pig.  70.  Diagram  of  a  device 
for  the  continuous  production  of 
zirconium  nitride. 


The  nitridation  of  metallic  hafnium  at  temperatures  of  876-1034°C 
and  at  pressures  of  38-402  mm  Hg  was  investigated  in  work  [223]. 

The  nitridation  was  carried  out  on  sheet  hafnium  (with  a  thickness  of 
0.2  mm),  thoroughly  purified  after  rolling  and  annealed  in  a  vacuum 

-4 

of  10  mm  Hg  at  970°C  for  1  h.  It  has  been  demonstrated  that  the 
kinetics  of  the  nitridation  correspond  to  the  simple  parabolic  law 
of  saturation  rate 


W*=*K,t  +  C, 

where  W  is  the  weight  of  the  nitrogen  per  unit  of  surface  area  of  the 

sheet  hafnium,  t  is  the  nitridation  time,  K  is  the  reaction  rate 

P 

constant,  C  is  a  constant,  representing  the  error  at  the  initial 
moment  of  observation.  The  activation  energy  of  the  nitridation 
reaction  of  hafnium  calculated  from  the  obtained  data  was  equal  to 
57+3  kcal/mole.  The  X-ray  diffraction  analysis  of  the  stable 
golden-yellow  films,  forming  on  the  surface  of  the  samples  with 
nitridation,  shows  the  presence  along  the  metal  lines  also  a  line  of 
cubic  hafnium  nitride.  Hafnium  nitride  is  obtained  by  the  nitridation 
of  hafnium  for  1  h  at  a  temperature  of  l400°C  and  at  a  nitrogen 
pressure,  equal  1  at.  The  lattice  parameter  of  this  product  was 
4.50  A  (calculated  density  is  14.0  g/cm  ) .  Prom  a  compairson  of  the 
activation  energies  and  the  reaction  rate  constants  of  the  nitridation 
of  tianium,  zirconium  and  hafnium  it  is  apparent  that  hafnium  possesses 
maximum  activation  energy  and  the  lowest  nitridation  rate  (Table  62). 
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Table  62.  A  comparison  of 
the  activation  energies  and 
reactions  rates  of  the 


nitridation  of  titanium, 
zirconium  and  hafnium  [223] 


Metal 

Activa- 

tion 

energy, 

koal/mole 

Reaction  rate 

constant, 

(tf/cm2)2/min 

Terope  ma¬ 
ture,  °C 

i 

Lit¬ 

era¬ 

ture 

a-Ti 

36  • 

1.9*  10“9 

550-850 

[179] 

a-Zr 

39 

7,8.1(r10 

<00 — 525 

{1791 

P-Zr 

52 

3.8.10-,t' 

£62-1043 

[208] 

a*Hf 

57 

1 .8-10— 10 

876—1034 

(223) 

In  work  [224]  hafnium  nitride  was  produced  by  nitriding  at 
l400-1500°C  for  10  h  fine  shavings  of  hafnium,  containing  2.4%  Zr, 
and  also  Pe,  C,  Ti,  Cr,  W,  Ni,  Zn,  Al,  Si,  Cu  impurities  and  traces 
of  Mn,  Mo,  Pb,  Mg,  Sn.  The  obtained  nitride  samples  were  used  for 
thermochemical  investigations.  The  values  of  the  heat  of  formation 
AH0 2^8  16  *  -88.24  +0.34  kcal/mole  and  the  decrease  in  free  energy 

with  the  formation  of  hafnium  nitride  AP02^g  ^  -  -8l.A  +0.5 
kcal/mole  were  found.  The  entropy  of  hafnium  nitride,  determined 
in  this  same  work  was  S°2^g  ^  *13.1  cal/deg.mole . 


The  authors  [252]  assume  that  the  work  function  of  hafnium 
nitride  during  thermionic  emission  should  be  at  1700°K  3.85-3.90  eY. 

In  works  [232,  255]  the  Interaction  between  hafnium  nitride  and 
carbon  according  to  the  following  reaction  was  investigated 

l/,N* 

It  was  demonstrated  that  the  limiting  link  in  the  process  of 
achieving  equilibrium  is  diffusion  in  the  solid  phase.  The  tempera¬ 
ture  dependence  of  the  equilibrium  constant  in  the  interval  1700- 
-2300°C  is  described  by  the  equation 
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from  which  it  follows  that  at  low  temperatures  the  nitride  is  stabler, 

and  at  high  temperatures  -  carbide  of  hafnium.  Even  at  1200-1300°C 

about  50%  of  the  hafnium  nitride  goes  into  solid  solution  with 

hafnium  carbide.  < 

The  nitridation  of  hafnium  powder  with  nitrogen  was  investigated 
in  work  [225].  It  was  determined  that  hafnium  nitride  of  stoichio¬ 
metric  composition  will  be  formed  at  1200°C  in  the  course  of  1  h  of 
nitridation.  The  temperature  dependence  of  the  rate  constant  of 
nitridation  changes  at  700-800  and  1000-1100°C. 


if mo-tooc*  =  1,51. KT* exp (—910/7*) (the  formation  of  a  solid  solution  in  a-Hf) 
K«w-.ioopc  =* 2,75- 10~* exp(—  2940/T)  (the  formation  of  HfN) 

Kuoft-uorc *» 2,75- 10“ *exp( —  4000/T)  (the  formation  of  HfN). 


According  to  the  Van  Arkel  method  [217],  hafnium  nitride  is 
produced  by  precipitation  from  the  gaseous  phase,  consisting  of  a 
mixture  of  hafnium  chloride,  hydrogen  and  nitrogen  bromide  on  a 
tungsten  filament,  heated  to  1100-2700°C  [159].  The  possibility  of 
producing  hafnium  nitride  is  indicated  by  the  reduction  of  hafnium 
oxide  with  carbon  in  a  stream  of  nitrogen  [159]. 


Hafnium  nitride  is  a  yellow-brown  powder  with  an  olive  tinge; 
it'  possesses  metallic  conductivity  with  a  very  low  specific 
electrical  resistance.  Hafnium  nitride  is  more  heat-conductive  than 
the  nitrides  of  titanium  and  zirconium;  it  possesses  the  least  (of 


222 


hgHarsr^  ■  -^itc*?*?  tct- W n f  'l'| WJJ  iWWggWfgPa y?wni^^< WiLy^fBCTlw»|Piii  nm.  I  jyu  y 


these  nitrides)  thermal  expansion,  and  also  moderate  hardness.  The 
melting  point,  according  to  ruff  [29],  is  equal  3310°C,  and 
according  to  more  exact  data  [254]  -  to  about  3000°C. 

The  chemical  stability  of  hafnium  nitride  has  hardly  been 
studied;  it  is  assumed  that  it  should  be  very  high  [9]. 


As  is  reported  in  [1034],  upon  the  dissolution  of  hafnium 
nitride  in  6%  HP  the  liberation  of  hydrogen  occurs  as  a  result  of  the 
occurrence  of  these  reactions 

HfN-f  3HF  =  HfF,  +  NH* 

■  NHS  -f  Hf  —  NH4F, 

HfFj  +  Hf  =  HfF«  +  V,  H,. 

Thus,  hafnium  in  hafnium  nitride  has  a  valence  of  3+,  and 
nitrogen  a  valence  of  3-,  in  other  words,  the  nitrogen  atoms  form 
due  to  the  addition  of  three  electrons  of  the  hafnium  atoms  of  an 
s2p^-conflguration,  and  the  hafnium  atoms  -  mainly  d°  and  d^- 
conflgurations  that  determines  a  certain  fraction  of  ionic  bonding 
in  hafnium  nitride  along  with  metallic  and  covalence  bonding. 


For  stoichiometric  nitride  with  a  lattice  constant  of  a  = 

O  o 

■  4.5118  A  and  a  density  of  13,386  g/cnr  calculated  from  this  the 
pycnometric  density  was  established,  equal  to  11,696  g/cm3  which 
indicates  the  presence  of  defectiveness  in  both  sublattices  of  the 
nitride.  This  defectiveness  can  be  estimated  at  12.63*.  It  is 
necessary  to  note  that  the  data  were  obtained  not  for  pure  hafnium 
nitride,  but  for  hafnium  nitride,  containing  4.5*  of  zirconium 
nitride . 


Transit lon-Metal  Nitrides  of  Group  V 
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Vanadium  nitrides.  The  vanadium  -  nitrogen  system  has  been 
little  studied  and  it  only  is  possible  to  consider  the  established 
existence  in  it  of  two  nitride  phases  -  V^N  and  VN  [256].  The  system 
was  most  completely  investigated  by  Hahn  [257]  on  the  basis  of  the 
data  of  X-ray  diffraction  analysis.  Nitrogen  is  only  insignificantly 
soluble  in  vanadium.  The  alloys,  containing  up  to  9.3$  nitrogen 
(VNq  ^),  are  two-phase  (a-solid  solution  and  the  B-phase) . 

The  B-phase  of  V^N  is  homogeneous  in  region  from  VNQ  ^7  to 
VNq  ^  (V^N-V^N),  i.e.,  from  9*3  to  10.5$  nitrogen  in  the  vanadium. 

With  an  increase  in  the  nitrogen  content  the  lattice  constants  of 
the  hexagonal  B-phase  increase  (Pig.  71).  In  the  region  from  10.5  to 
16.4$  N  the  alloys  are  two-phase  (8-  and  y-phc le) ,  from  16.4  to  21.5$  N 
(VNq  qq)  the  region  of  homogeneity  of  tne  y-phase  spreads, 

corresponding  to  the  formula  VN.  The  lattice  constant  of  this  cubic 
phase  also  varies  sharply  with  an  increase  in  the  nitrogen  content 
(Pig.  71) . 


Pig.  71.  The  dependence  of 
the  lattice  constants  of  the 
phases  in  the  V-N  system  on 
the  nitrogen  content. 


Vanadium  nitride  VNx  has  subtraction  structure,  where  in  the 

interval  600-1200°C  part  of  the  points  of  vanadium  is  vacant, 

and  above  1200°C  -  a  part  of  the  points  of  nitrogen.  At  low 

temperatures  hydroxy  nitrides  V  NO  can  be  formed.  The  nitrogen 

x  y  x-y 

atoms  are  replaced  by  oxygen  atoms,  i.e.,  a  substitution  structure 
is  imposed  on  the  subtraction  structure.  The  lattice  constant 
(Tables  S3,  64)  has  its  maximum  at  a  ratio  of  V^  q’^i  q>  and  the  maximum 
value  of  the  grinding  ability  is  due  to  the  same  composition.  The 
lattice  constant  of  VN,.  determined  precisely,  is  4,129k*  [2593  • 


Table  63*  'Tiie  atomic 
composition  of  oxygen- 
containing  vanadium 
nitride  at  various 
temperatures . 


Formula 

composition 


600 

600 

1000 

1200 

1300 


Table  64.  The  dependence  of  the  composition 
and  the  properties  of  oxygen-containing  vana¬ 
dium  nitride  on  the  reaction  temperature 
V,0j+2H,+N,«.2VN+2H,0. 


•Disregarding  the  oxygsn  content. 

As  can  be  seen  from  Table  65,  according  to  [257],  the  difference 
in  the  pycnometric  and  X-ray  diffraction  values  of  density  is  small 
which  attests  to  the  limited  number  of  vacant  points  in  the  lattice, 
in  any  case,  it  is  much  smaller  than  in  titanium  nitride  [257]. 

Physical  properties.  Powdered  vanadium  nitride  is  grayish-brown 
in  color  with  a  violet  tinge;  the  preparations  with  a  saturated 
nitrogen  content  —  bronze  color.  Vanadium  nitride  is  thermodynamically 
rather  stable;  the  decrease  in  free  energy  upon  its  formation  from 
metal  and  nitrogen  is  expressed  by  the  equation  AF-=  —  60000  —  l,73rigr  + 

+  26,38r(±  10%  in  interval  298-2000°K) . 
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Tabic  6 5.  The  dependence  of  the 
specific  gravity  of  vanadium  from 
the  nitrogen  content. 


Specific 

:  gravity 

pyc nom¬ 

calcu¬ 

etric 

lated 

6,040 

6,102 

6,988 

6,089 

5,972 

6,066 

6,967 

5,967 

The  heat  content  varies  according  to  the  equation  [260] 

Hr  -  Km, i, «  10 MT  -f  1 ,05  •  10 “*l*  +  2,21 .  lO6!^1  -  4096  kcal/mole  , 
and  the  heat  capacity 

O«10,944-a,l0-«ir4r~2,21.108T“*  [kcal/deg*mole]  (from  400  to  1611  K) . 

The  entropy  of  VN  is  equal,  according  to  [26l],  to  8.91  ± 

±  0.0 4  kcal/deg-mole. 

An  X-ray  spectral  investigation  of  the  K-absorption  spectra 
of  vanadium  in  the  nitride  VN  compared  with  the  hydrides,  carbides, 
and  borides  of  this  metal,  and  also  with  vanadium  pentoxide  showed 
that  the  fine  structure  of  the  basic  K-absorption  edge  of  vanadium  in 
the  pentoxide,  carbide  and  nitride  are  qualitatively  close  [267]* 
However  with  respect  to  the  variation  in  the  relative  intensity 
of  the  long-wave  white  absorption  line  in  the  transition  from  the 
oxide  to  the  nitride  it  is  possible  to  draw  conclusion  about  the 
change  in  the  covalence  of  the  bond. 


It  is  necessary  to  consider  that  with  the  formation  of  the 
nitride  phases  of  vanadium  a  certain  increase  in  the  statistical 

c 

weight  of  the  d  -configurations  of  the  vanadium  atoms  occurs,  having 
in  the  isolated  state  3d^s^-configuration  both  due  to  the  attraction 
of  a  portion  of  the  s-electrons  of  vanadium  to  the  d-shell,  and  also 
due  to  the  nitrogen  electrons,  liberated  during  the  transformation  of 
p  q  q  ' 

the  s  pJ-  to  the  sp  configuration.  The  formation  of  high  statistical 

c 

weights  of  rather  highly  Isolated  (in  an  energy  regard)  d  -  and 

q 

spJ-configurations  causes  certain  peculiarities  in  the  physical 
properties  of  the  vanadium  nitrides,  in  particular  the  melting  of 
VN  at  2050°C  with  decomposition.  Also  connected  with  this  is  the 
ability  of  VN  to  be  converted  to  superconductive  state  at  a 
comparatively  high  temperature  (7.5°K)  [275].  A  remarkable  property 
of  the  nitride  VN  is  its  very  low  thermal  coefficient  of  electrical 
resistance,  being  from  100  to  1200°C  a  total  of  0.01^/deg.  The 
basic  physical  properties  of  the  vanadium  nitrides  are  given  in 
Table  66. 

The  oxygen  impurity  in  vanadium  nitride  (about  3%  0)  causes 
the  anomalous  behavior  of  the  temperature  dependence  of  electrical 
resistance:  to  450°C  the  resistance  of  this  nitride  noticeably 

increases  with  temperature,  then  drops,  then  increases  again  [9553- 

Chemical  properties.  Vanadium  nitride  VN  is  insoluble  in 
hydrochloric  and  sulfuric  acids;  it  is  decomposed  when  boiled  in 
nitric  acid,  when  heated  with  sodium  hydroxide  and  boiled  in  a 
solution  of  potassium  hydroxide  [110].  At  room  temperature  the 
aqueous  solutions  of  alkalis  practically  do  not  decompose  vanadium 
nitride  VN  [276].  With  prolonged  boiling  in  concentrated  sulfuric 
acid  it  is  slowly  decomposed  with  the  liberation  of  ammonia.  When 
heated  in  air  vanadium  nitride  VN  Is  rather  stable,  being  oxidized 
only  at  500-800°C.  Vanadium  nitride  V0N  is  much  less  stable  in  a 
chemical  regard  than  VN. 
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Table  66.  Properties  of  Vanadium  Nltr Ides . 
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•Ootormlnod  by  3.  K,  L'vov  and  V.  T«  Nmnohanko, 

Obtaining  methods.  The  action  of  nitrogen  on  vanadium  powder 
can  produce  vanadium  nitride  of  the  exact  composition  VN  [257,  177]. 
For  preparing  alloys  with  lower  nitrogen  content  Hahn  [2571  pressed 
briquets  of  mixtures  VN  and  vanadium  powder  with  their  subsequent 
heating  in  a  closed  quartz  tube  at  a  temperature  of  1000~1100°C 
for  24  h.  Upon  heating  a  vanadium  wire  in  nitrogen  vanadium  nitride 
powder  of  bronze  color  will  be  formed  [237].  In  preparing  vanadium 
nitride  by  the  simultaneous  reduction  of  the  oxide  with  carbon  and 
nitridation  is  usually  used,  since  V20^  is  very  volatile. 
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at  1200°C  the  nitride  in  the  presence  of  carbon  is  converted  into 
carbide.  The  rather  pure  nitride  was  first  produced  in  this 
manner  by  Priederich  and  Sittig  [110].  They  heated  a  mixture  of 

+  3C  in  a  molybdenum  boat  in  a  tubular  furnace  with  a  porcelain 
tube  at  1200°C  in  a  nitrogen  medium  (the  nitride  contained  21.1$  N 
instead  of  the  21.55$,  expected  for  VN).  By  heating  the  vanadium  in 
a  stream  of  nitrogen  at  1200°C,  they  obtained  a  nitride,  containing 
21.69$  N. 

Vanadium  nitride  was  also  prepared  by  heating  VOCl^  or  V2°3 
in  a  stream  of  ammonia  [256]. 

Epel'baum  and  Ormont  [258]  produced  vanadium  nitride  by 
decomposing  ammonium  vanadate  in  a  stream  of  ammonia  at  1000-1100°C 
(at  higher  temperatures  mixtures  of  VN  with  vanadium  oxides  will 
be  formed).  Later  this  method  was  successfully  employed  by  Hahn 

[257]  to  prepare  very  pure  vanadium  nitride.  Epel'baum  and  Ormont 

[258]  produced  vanadium  nitride  by  the  simultaneous  reduction  and 
nitridation  of  the  .lower  oxide  of  vanadium  V2C>2  at  500-600°C  according 
to  the  reaction 


VA  +  2H,  +  Nt «  2  VN  -I-  2H,0  +16  keal. 

i 

A  systematic  investigation  of  the  conditions  of  forming  vanadium 
nitride  by  nitriding  metallic  vanadium  powder  was  made  in  work  [178]. 
Nitridation  was  carried  out  at  500-1500°C.  The  saturation  of  metallic 
vanadium  with  nitrogen  at  500-800°C  obeys  the  linear  law;  at  higher 
temperatures  -  the  parabolic  law  with  certain  deviations  in  the 
initial  period.  An  increase  in  the  temperature  much  more  strongly 
affects  the  increase  in  the  nitrogen  content  than  an  increase  in 
the  exposure  time.  At  temperatures  of  the  order  of  l400-1500°C 
a  saturated  nitrogen  content  is  reached  after  10-15  min.  The 
saturation  of  vanadium  with  nitrogen  in  an  ammonia  medium  occurs 
more  slowly  than  in  a  nitrogen  medium.  Prom  the  data  of  X-ray  analysis 
it  follows  that  at  800-900°C  the  V^N  phase  will  be  formed,  and  with 
an  increase  in  the  nitridation  temperature  -  the  VN  phase.  The 
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parameter  ex'*  the  crystal  lattice  of  vanadium  with  an  increase  in 
the  nitrogen  content  from  0  to  3*5%  increases  from  3.03  to  3*09 
The  V_N  phase  is  detected  by  X-ray  diffraction  analysis  at  a  nitrogen 
content  of  2. 5-3-0$;  this  phase  lasts  up  to  a  nitrogen  content  of 
11.3?.  After  12.8  wt.  %  of  N  a  phase  is  detected  with  a  lattice 
parameter  of  a  *  4 . 13—^ . 14  8.  The  rate  of  the  nitridation  reaction 
decreases  from  1.7*10~'i  at  500°C  to  3.71'10~^  g/cm^  at  1200°C. 

The  activation  energy  of  the  nitridation  of  vanadium  powder  is  small 
and  is  in  the  region  of  500-800°C  (the  formation  of  V^N)  about 
4640,  and  in  the  region  900-1200°C  (the  formation  of  VN)  —  about 
4400  cal/mole. 

The  activation  energy  upon  the  diffusion  in  the  compact  vanadium 
above,  for  example,  in  a  solid  solution  of  nitrogen  in  vanadium 
it  is  36-37  kcal/mole  [305].  The  optimum  conditions  for  producing 
the  V^N  phase  consist  in  the  heating  of  the  powder  at  900°C  for 
1  h,  and  VN  -  at  1200-1300°C  for  4  h. 

It  is  possible  to  prepare  vanadium  nitride  by  the  precipitation 
method  on  a  tungsten  wire  from  mixtures  of  VCl^  with  the  equimolar 
gas  N2  +  H2<  The  optimum  conditions  are:  a  temperature  of  154o~1570°C, 
an  overall  pressure  of  50-60  mm  Hg,  the  vapor  pressure  of  the  VCl^  is 
8  mm  Hg,  the  diameter  of  the  tungsten  wire  is  0.20  mm.  The  obtained 
product  is  close  in  composition  to  VN  [301]. 

The  pure  vanadium  nitride  VN  will  be  formed  upon  the  decomposition 
of  different  salts,  containing  vanadium  and  nitrogen.  Good  results 
are  given  by  the  decomposition  at  600°C  of  the  salt  (NH^^VFg  or  at 
800°C  -  of  ( VHjj )  ^VOgFjj  during  the  course  of  1  h  [274], 

Articles  are  prepared  from  vanadium  nitride  either  by  hot 
pressing  of  the  powder  in  an  argon  medium  (the  optimum  conditions: 

for  V_N  are  of  a  sintering  temperature  of  l850°C,  a  pressure  of 

i  2 

100  kg/cm  ,  a  oime  of  3-5  min,  a  residual  porosity  of  6?;  for  VN  — 
a  temperature  of  1800°C,  a  residual  porosity  of  4$),  or  by  the  reaction 
sintering  in  a  nitrogen  medium  of  the  intermediate  products  prepressed 
from  the  vanadium  powder  [232].  In  the  latter  case,  although  the 
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specific  volumes  of  the  nitride  phases  of  vanadium  are  28-29$  greater 
than  the  specific  volume  of  the  metal,  the  increase  in  volume  is  not 
realized  due  to  a  diminution  in  porosity  and  the  latter  is  46-49$. 

Niobium  nitrides.  The  niobium-nitrogen  system  has  been  repeatedly 
investigated.  According  to  early  data,  generalized  in  [138],  there 
are  in  the  system  two  chemical  compounds  —  Nb^N  and  NbN.  A  rather 
complete  investigation  of  the  Nb-N  system  was  conducted  by  Brauer 
and  Jander  [277]*  The  solubility  of  nitrogen  in  niobium  is  less 
than  4.8  at.  $,  since  even  the  alloy,  corresponding  to  the  formula 
NbN0  qc-,  contains  a  niobium  nitride  phase.  The  a-solid  solution 
has  a  cubic  body -centered  lattice  with  a  parameter,  very  slightly 
differing  from  the  lattice  parameter  of  pure  niobium  (3.2948  kX) . 

The  8-phase  Nb2N  is  homogeneous  in  the  NbNQ  ^0-NbN0  region;  it 
has  a  hexagonal  close-packed  lattice  with  a  statistical  distribution  of 
the  nitrogen  atoms  in  the  large  pores  of  the  lattice.  The  lattice 
parameter  a  =  3«046  kX  in  the  region  of  homogeneity  does  not  vary 
and  the  value  of  parameter  c  with  a  decrease  in  the  nitrogen  content 
decreases  from  4.986  (NbNQ  to  4.947  kX  on  the  boundary  with 
the  a-phase  (NbNQ  .  The  y-phase  (NbNQ  g0-NbNQ  is  isomorphic 
to  the  6-phase  in  the  Ta-N  system  and  has  a  structure  of  the  NiAs 
type.  The  nitrogen  atoms  are  located  in  the  centers  of  two  trigonal 
prisms  from  niobium  atoms.  In  the  concentration  interval 
NbNTQ  ^(--NbNg  ^  there  are  two  phases:  NbNQ  ^^-NbNQ  with  a 
tetragonal  structure  of  the  deformed  NaCl  type  and  NbNQ  g^-NbNQ^|, 
with  an  NaCl  structure.  However  a  subsequent  work  by  Schonberg 
[278]  demonstrated  that  the  presence  of  the  two  phases  should  be 
attributed  to  the  presence  of  oxygen  in  the  samples,  i.e.,  the 
formation  of  phases  of  an  Nb-N-0  system. 

The  hexagonal  6-phase  (NbN  is  the  ir -phase  of  Brauer) ,  in  the 
saturated  case  corresponding  to  the  formula  NbN^  has  a  lattice 
with  an  antinickel  arsenide  configuration  of  atoms.  The  nitrogen 
atoms  are  located  in  the  centers  of  octahedrons,  built  from  metal 
atoms.  The  e-phase  NbN^  Qq  has  a  hexagonal  lattice;  the  space  group 
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is  Dgn-P^u;  MoC  (the  y-phase)  has  an  analogous  structure  and  also 
certain  phosphides  —Tip,  p-ZrF  [279]*  Brauer  and  Janaer  [277]  take 
note  of  the  noncorrespondence  between  the  cited  data  about  the  phases 
of  the  Nb-N  systems  and  the  data  of  Umanskiy  [280],  who  for  the 
sample  NbNQ  ^  obtained  a  hexagonal  lattice,  the  parameters  and 
atomic  arrangement  of  which  correspond  to  the  6-phase  (NbN  is  the 
n-phase  of  Brauer  and  Jander) .  This  is  possible  only  under  the 
condition  that  Umanskiy 's  nitride  contained  oxygen,  which,  being 
interstitial  ir.  the  niobium  lattice  together  with  the  nitrogen 
atoms,  brought  the  general  composition  of  the  phase  to  NbNQ  y 

The  cause  of  the  noncorrespondence  could  be  incomplete  nitridation 
which  was  caused  by  the  formation  along  with  the  6-phase  of  metallic 
niobium  or  the  a-phase.  These  expounded  results  of  Brauer  were 
confirmed  and  definitized  in  [278,  281,  282,  294]. 

Researchers  [283]  proposed  a  preliminary  variant  of  the  phase 
diagram  of  the  Nb-N  system.  The  system  is  very  complicated;  at  the 
present  time  the  existence  of  a  solid  solution  of  nitrogen  in  niobium 

and  five  nitride  phases  is  assumed  (Pig.  72).  The  region  of  the 

existence  of  the  solid  solution  is  from  Nb  to  NbNQ  Q2^.  Subsequently 

there  follow  the  hexagonal  8-phase  Nb2N  (NbNQ  ^-NbN0  ^),  the 

tetragonal  y-phase  Nb^N^  (NbNQ  ^^-NfcNQ  gj.) ,  the  hexagonal  6-phase 
NbN  (NbNQ  g^-NbNp  ^g)  with  an  antinickel  arsenide  configuration, 
the  cubic  6-phase  NbN  (NbN^  g g— Nt>Ng  gg)  with  a  NaCl  structure  and 
hexagonal  the  e-phase  NbN  (of  saturated  composition  NbN^  Q1) .  As 
follows  from  the  phase  diagram  (Pig.  72),  above  l400°C  the 
a-,  8-,  y-  and  6-phases  are  stable  and  below  1230°C  the  a-,  8-,  y- 
and  e-phases  exist.  The  diagram  of  the  mutual  transformation  of 
the  phases  in  the  temperature  region  from  1200  to  l400°C  and  the 
conditions  of  these  transformations  are  shown  in  Fig.  73  [281,  282]. 

In  Fig.  74  a  phase  diagram  of  the  Nb-N  system  is  depicted, 
plotted  from  the  results  of  investigation  [283].  The  existence 
of  the  8-,  y- ,  5-  and  e-phases,  found  by  Brauer  were  confirmed; 
the  6*-phase,  found  by  Brauer  and  Schonberg,  was  not  detected  in 
work  [283]. 
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Pig.  72.  Phase  diagram 
of  the  state  of  the 
niobium-nitrogen  system. 
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Pig.  73*  Transformations 
of  niobium  nitride  phases. 
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Pig.  74.  Phase  diagram 
of  the  niobium-nitrogen 
system  (according  to 
[283]).  KEY:  (a)  cubic, 
(b)  hexagonal. 
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The  region  of  the  diagram  from  0.1  to  30  at.  %  N  in  the 
temperature  interval  l600-2200cC  was  investigated  by  kinetic  methods 
in  work  [284]. 5  It  was  demonstrated  that  under  these  conditions 
two  well-defined  solid  phases  exist.  At  low  nitrogen  concentrations 
the  region  of  the  a-solid  solution  was  detected,  the  concentration 
of  which  varies  with  temperature  and  pressure  according  to  the 
equation 

^s.9  =l/P*7,73-i0'^-exp(21400/T), 


where  —  is  the  N  connection,  in  at.  %i  p  is  the  N  pressure, 

in  torr.;  T  is  the  temperature,  in  CK.  The  solubility  of  nitrogen 
in  niobium  depends  on  temperature  and  increases  from  3-7  at.  %  at 
1600°C  to  ^18  at.  %  at  2300°C.  Within  this  region  the  solubility 
varies  according  to  the  dependence 

Ctt, »  =  1,48-  10*.exp(—  1 1300/7). 

M«X€ 

With  a  yield  beyond  the  limits  of  the  solid  solution  the  8-phase 
(Nb^N)  will  be  formed.  Upon  rather  protracted  treatment  with 
nitrogen  the  a-phase  changes  to  the  8-phase  with  the  enthalpy  of 
transition  AH  =  -22.6  kcal/g-atom  and  with  the  variation  in  the 
partial  molar  standard  entropy  AS0  =  -8.1  kcal/deg*g-atom. 

The  solubility  of  nitrogen  in  niobium  in  the  temperature 
interval  300-2300°C  was  also  studied  in  [297].  At  a  temperature 
above  1I50°C  the  solubility  is  C  =  720*exp  (-20,000/RT) ,  where  C 
is  the  at .  %  of  N . 

As  a  result  of  a  carefully  conducted  investigation  of  the 
solubility  of  nitrogen  in  niobium  [1049]  somewhat  different,  as 
compared  to  the  data  of  the  preceding  works,  parameters  of  the 


dissolution  equation  were 

established : 
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According  to  [284],  the  minimum  nitrogen  content  of  the  8-phase 
is  ^25  at.  % ,  i.e.,  less  than  the  ultimate  minimum  content  according 
to  Brauer,  equal  to  about  28  at.  %.  Between  700  and  2100°C  the 
boundary  concentration  either  does  not  depend  on  temperature,  or 
increases  somewhat  with  an  increase  in  temperature.  Thus,  it  is 
necessary  to  ascribe  to  the  8-phase  a  region  of  homogeneity  not  of 
NbNQ  jj-NbNQ  as  Brauer  did,  but  a  broader  one  NbNQ  ^“NbNg 

The  existence  in  the  niobium-nitrogen  system  of  a-,  8-,  y~,  6- 
and  e-phases  was  confirmed  in  [285]  on  the  basis  of  the  data  of  X-ray 
and  metallographic  investigations.  It  was  demons  orated  that  the 
lower  boundary  of  the  region  of  homogeneity  of  the  8-phase  lies  at 
^26  at.  %  N,  and  not  at  28  at.  N,  as  was  determined  by  Brauer. 

The  data  of  the  upper  boundary  of  the  region  of  homogeneity  practically 
coincide  with  the  data  of  Brauer  and  Schonberg  (50  at.  %  N).  Authors 
[285]  with  respect  to  the  variation  in  electrical  conductivity  and  the 
Hall  effect  in  the  region  of  the  6-phase  at  room  temperature  draw  a 
preliminary  conclusion  about  the  incorrectness  of  Brauer’ s  conclusion 
concerning  the  existence  of  this  phase  in  the  stable  state  only  at 
temperatures  above  1230°C. 

Brauer  and  Kirner  [295],  having  definitized  the  composition  of 
the  6-  and  e-phases,  showed  that  the  saturated  composition  of  the 
cubic  6-phase  is  NbN1  0Q  and  the  hexagonal  e-phase  -  NbQ  ^N. 

Comparing  the  values  of  the  density  and  the  lattice  constant, 
the  authors  came  to  the  conclusion  that  the  phase  with  an  excess  of 
nitrogen  NbN1+^  is  more  correctly  examined  not  as  of  an  interstitial 
phase  of  additional  nitrogen  atoms  in  the  lattice  of  NbN,  but  as  a 
subtraction  phase  of  niobium  from  the  lattice  of  NbN,  i.e.,  a  phase 
of  the  Nb-^N  type. 

Summarizing  all  the  available  data,  it  is  possible  to  consider 
as  sufficiently  reliably  established  in  the  niobium-nitrogen  system 
the  existence  of  the  nitride  phases,  shown  in  Table  67. 
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Table  67..  Properties  of  niobium  nitrides. 


Characteristic 


Region  of  homogeneity  NbN0  31- 


Nitrogen  content,  wt,  # 
Crystal  structure 

Temperature  range  of 
gtable  existence, 

Lattioe  constant,  A: 


N^0.3S—  ^^0,75“ 

NbN0>50  — NbN0  8S  -  NbN1<00 
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Physical  properties.  The  basic  physical  properties  of  niobium 
nitrides  were  most  studied  in  [285,  289],  the  results  of  which  are 
given  in  Table  67.  Below  a  brief  characterization  of  the  structures 
of  the  nitride  phases  of  niobium  is  given;  the  unit  cells  of  the 
crystal  lattices  of  these  phases  are  shown  in  (Fig.  75)- 


Fig.  75.  The  crystal  structure 
of  nitride  phases  of  niobium. 


As  the  positive  values  of  the  Hall  coefficient  (Fig.  76,  [285]) 
show,  the  electrical  conductivity  of  a  solid  solution  of  nitrogen  in 
niobium  and  the  mixtures  of  the  6-  and  6'-phases,  as  well  as  of 
niobium  itself,  is  mainly  of  the  P-type  [hole  character].  The 
P-type  [hole  character]  electrical  conductivity  of  niobium  is 
confirmed  by  the  X-ray  spectral  investigations  of  its  L„  -band,  which 

indicates  the  filling  of  the  larger  part  of  the  first  Brillouin 
zone  [286],  In  the  region  of  the  solid  solution  the  predominant 
effect  of  the  P-type  [hole  character]  electrical  conductivity  of 
metallic  ni>'Vum  is  preserved.  In  proportion  to  the  enrichment  of 
the  alloys  with  nitrogen  the  hole  contribution  to  electrical 
conductivity  decreases  and  with  a  content  of  27.3  at.  %  N  the 
electrical  conductivity  becomes  chiefly  electronic  [p-type]  and  only 
for  <$  +  (S’-phase  region  is  hole  electrical  conductivity  [p-type] 
again  observed.  The  electronic  nature  [N-type]  of  the  electrical 
conductivity  with  relatively  high  nitrogen  contents  also  agrees 
with  the  data  of  X-ray  spectral  investigations  of  the  L^^-band  of 


niobium  in  its  compounds  with  nitrogen  [286],  according  to  which  even 
with  a  content  of  6.32  wt.  %  N  a  considerable  decrease  in  the 
degree  of  filling  of  the  first  Brillouin  zone  occurs. 


Pig.  76.  The  concentration  depen¬ 
dence  of  the  electrical  resistance 
and  the  Hall  coefficient  of  alloys 
of  niobium  with  nitrogen. 


The  results  of  X-ray  spectral  investigation  [287]  show  that  for 

NbN,  NbC  and  NbB2  according  to  the  decrease  in  the  intensity  of  the 

La  -and  L  -bands  of  niobium  with  the  formation  of  the  indicated 

compounds  it  is  possible  to  draw  a  clear  conclusion  about  the 

reduction  in  the  density  of  the  d-states  in  the  generalized  band. 

This  attests  to  the  fact  that  with  the  formation  of  certain  compounds, 

in  particular  niobium  with  nitrogen  (NbN),  the  transfer  of  the  valence 

electrons  of  the  nonmetallic  atoms  to  the  d-band  of  the  metallic 

atom  does  not  occur,  Thus,  according  to  the  above-cited  data 

(pp.  5-10),  upon  the  formation  of  a  metallic  crystal  from  Isolated 

atoms  of  niobium  3. 7-3-9  of  the  valence  electrons  go  over  to  the 

localized  state  (ensuring  covalent  bonding),  and  the  remaining 

1.1-1. 3  electrons  form  an  aggregate,  then  it  is  possible  to  assume 

that  with  the  formation  of  niobium  nitride  NbN  the  transfer  of  a 

part  of  the  r.onlocalized  electrons  to  the  nitrogen  atoms  occurs 

2  £ 

with  the  formation  by  them  of  stable  s  p  -configurations.  This 
process  does  not  have  to  lead  to  a  noticeable  change  in  the  density 
of  the  d-states  of  the  niobium  atoms  as  compared  to  that  in  a  metal. 
However  the  statistical  weight  of  the  d  -configurations,  formed 
by  the  localized  part  of  the  valence  electrons  should  be  relatively 
increased,  with  a  simultaneous  decrease  In  the  concentration  of  the 
free  electrons  and  an  increase  in  the  statistical  weight  of  the 
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nitrogen  atoms,  having  stable  s^pD-eonfiguration.  This  causes,  in 

particular,  the  noncubic  symmetry  of  the  e-phase  of  niobium  nitride 

NbN  (if  the  nitrogen  would  give  up  part  of  its  electrons  according 
2  3  4  3 

to  the  scheme  s  p  sp  -*■  sp  +  p  to  the  niobium  in  the  nitride 
NbN,  then  the  latter  would  have  a  cubic  structure),  and  also  his 
high  electrical  conductivity  . 

With  a  decrease  in  the  nitrogen  content  in  niobium  nitride  NbN 
(transition  from  the  e-  to  6-phase),  apparently,  the  conditions  are 
created  for  the  transformation  of  the  nitrogen  atom  according  to  the 

3 

indicated  scheme  with  the  formation  of  sp  -configurations  and  a 

mobile  electron,  capable  of  partially  going  over  to  the  niobium 

atoms,  and  of  partially  filling  the  aggregate  of  nonlocalized 

electrons.  The  latter  leads  to  a  certain  increase  in  electrical 

3 

resistance  (see  Table  67).  Furthermore,  the  appearance  of  sp  - 
configurations  causes  the  cubic  symmetry  of  6 -NbN  and  an  Increase  in 
its  hardness  as  compared  to  the  e-phase.  Subsequently  this 
progresses  with  the  transition  to  the  y-phase. 

The  above  proposed  pattern  of  the  electronic  structure  of 
6-phase  niobium  mononitride  NbN  is  well  confirmed  by  the  data  on  the 
thermal  conductivity  both  by  its  low  value,  and  also  by  the 
anomalously  high  ratio  of  the  calculated  electronic  thermal  conduc¬ 
tivity  to  the  measured  overall  thermal  conductivity  for  this  nitride 
[2891. 

The  same  interpretation  of  it  also  resulted  from  an  investigation 
of  its  superconductivity  in  the  broad  interval  of  nitrogen  content 
in  niobium  from  NbN^  to  NbN^  0Q  [290,  291,  1069].  The  hexagonal 
e-phase  NbN  and  the  ft-phase  NbgN  do  not  manifest  superconductivity 
up  to  1.94°K.  For  the  y-phase  Nb^N^  the  transition  point  is  equal 
according  to  these  data  to  6.8-8.9°K,  and  the  cubic  6-phase  changes 
to  superconductivity  at  10,62°K  (according  to  other  data  of  these 
authors  —  at  13.1°K,  and  according  to  now  generally  accepted  data  — 
at  15.6°K).  Samples  with  a  small  admixture  of  oxygen  give  coinciding 
curves  of  heating  and  cooling. in  the  transition  region,  and  samples 
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without  oxygen  manifest  intense  hysteresis.  In  [292]  it  was  shown 
that  in  fields  of  0.5-4  Oe  and  with  a  stream  of  up  to  20  A  an  increase 
in  magnetic  flux  (by  &3%)  is  observed  in  the  transition  region  of 
6-NbN  from  the  normal  to  the  superconductive  state  (paramagnetic 
effect),  characteristic  for  pure  metals.  The  transition  point  of 
NbN  from  11.1  and  12.8$  lies  within  the  interval  l6.2°K  (beginning) 
and  13.5°K  (end)  [2931. 

The  superconductivity  of  the  6-phase  of  NbN  is  noted  in  the 

behavior  of  the  temperature  dependence  of  the  heat  capacity  [288], 

The  critical  value  of  the  magnetic  field,  corresponding  to  the 

transition  to  the  superconductive  state,  is  equal  to  257  G/deg.  Thus, 

superconductivity  is  possessed  only  by  the  cubic  6-  and  y-phases, 

in  which  a  high  statistical  weight  of  niobium  atoms  will  be  formed 
5 

with  stable  d  -configurations  and  of  nitrogen  atoms  with  stable 
3 

sp  -configurations  of  a  localized  part  of  the  valence  electrons. 

And  there  will  be  formed  a  peculiar  "channel  with  inert  walls"  from 
stable  electron  configurations,  with  respect  to  which  without 

noticeable  scattering  the  current  carriers  can  shift  at  those 

*  2 

temperatures,  when  these  carriers  are  united  in  Cooper  s  -pairs  and 

the  thermal  excitation  of  the  stable  configurations,  forming  "the 
walls"  of  the  channel  is  small. 

Upon  the  formation  of  the  B-phase  it  is  possible  to  assume  an 

5 

increase  in  the  statistical  weight  of  the  d  -configurations  of 

niobium  atoms  due  to  the  exchange  by  electrons  between  them  with  the 

liberation  here  of  a  part  of  the  electrons  of  the  niobium  atoms, 

which  were  localized  in  the  metallic  crystal,  and  with  their 

transition  partially  to  the  nor.localized  state,  and  partially  to  th 

nitrogen  atoms  with  an  increase  in  the  statistical  weight  of  the 
2  6 

s  p  -configurations  of  these  atoms.  A  considerable  number  of 
current  carriers  appears  which  intensifies  the  electron-electron 
interaction  and  leads  to  the  nonsuperconductivity  of  Nb£N  [2753  - 
For  the  same  reasons  this  nitride  has  a  relatively  high  electrical 
resistance,  and  also  a  hexagonal,  and  not  a  cubic  structure. 
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In  work  [2841  the  thermal  stability  of  nhase  Nb.N  was 

"  *'  d 

investigated  under  equilibrium  conditions  and  the  following 
expression  of  the  temperature  dependence  of  the  transformation  of  the 
8-phase  a-phase  +  N0  was  obtained: 

=  5,28  •  1015exp(—  66000/T), 

where  p  is  the  nitrogen  pressure,  in  torr. 

In  work  [298]  the  temperature  dependence  of  the  vapor  pressure 

,  .  20000 

of  the  nitride  NbN  was  measured  by  the  Langmuir  method  :lg/>— 5,1 - ^ — . 

Chemical  properties.  Niobium  nitride  NbN  (apparently,  the 
6-phase,  or  produced  mixture  of  the  6-  and  e-phases)  is  very  stable 
in  the  cold  and  upon  heating  in  concentrated  hydrochloric,  perchloric, 
and  sulfuric  acids;  it  is  somewhat  less  stable  in  dilute  hydrochloric, 
nitric,  sulfuric  acids,  and  also  in  mixtures  of  acids  (in  a  mixture 
of  nitric  and  hydrofluoric  acids  it  rapidly  and  completely  decomposes). 
Hydrogen  peroxide  and  mixtures  of  alkalis  with  hydrogen  peroxide 
still  more  intensively  act  on  it.  Aqueous  solutions  of  alkalis  upon 
heating  do  not  decompose  niobium  nitride  intensively;  the  degree  of 
the  action  of  an  alkali  on  the  nitride  increases  with  an  increase  in 
the  concentration  of  the  alkali  in  the  solution.  For  analytical 
purposes  concentrated  H2S0^  and  a  mixture  NaOH  with  perhydrol  are 
recommended  as  solvents  of  niobium  nitride. 

The  Nb^N  is  resistant  to  the  action  of  acids,  and  upon  being 
heated  in  solutions  of  strong  alkalis  or  when  fused  with  them 
ammonia  is  not  liberated  by  nitrogen  [296]. 

The  oxidation  of  niobium  nitride  in  air  occurs  at  500-800°C  with 
the  formation  of  NbgO^* 
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Production  methods,  Friederich  and  Sittig  [110]  produced  the 


nitride  NbN  by  nitriding  a  mixture  of  the  oxide  (Nb^O^)  with  carbon, 
where  this  oxide  was  prepared  by  first  reducing  niobium  pentoxide 
with  hydrogen  at  a  temperature  of  1100-1200°C.  The  nitrogen  content 
in  the  produced  nitride  was  12.8$  (instead  of  13.1$  as  calculated). 

In  work  [280]  an  investigation  was  made  of  niobium  nitride,  prepared 
by  M.  M.  Babich  by  hea*:  treating  a  mixture  of  niobium  with  its 
hydride  for  three  ho^  "  •  a  stream  of  nitrogen  at  1100  and  1300°C. 

The  basic  method  of  producing  the  lowest  niobium  nitrides  is  by 
nitriding  powdered  or  compact  niobium  or  by  heating  mixtures  of  the 
highest  niobium  nitride  with  niobium. 

The  kinetics  of  the  nitridation  of  niobium  were  studied  by 
Gulbransen  and  Andrew  [1793-  They  found  the  dependence  of  the 
nitridation  rate  on  time  at  400-800°C  shown  in  Fig.  77.  The 
activation  energy  upon  the  diffusion  of  nitrogen  in  niobium  is  about 
25. ^  kcal:mole.  In  work  [284]  the  solubility  of  nitrogen  in  niobium 
was  investigated  in  detail  (see  pp.  232-233).  It  was  determined  that 
dissolution  obeys  Sieverts  ’  law  (Vp).  It  was  calculated  that  the  heat 
of  solution  is  equal  to  21. *1  kcal/mole.  Similar  data  were  also 
obtained  in  [297],  where  for  the  equilibrium  concentration  of  nitrogen 
in  solution  the  following  equation  was  found. 


c  =  I '  Ph,  6,2  •  !<T*exp(-  mOO/RT). 


Fig.  77.  Kinetic  curves  of 
the  nitridation  of  niobiu". 
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Solutions  of  nitrogen  in  niobium  are  close  to  ideal. 


An  investigation  of  the  nitridation  of  niobium  powder  with 
nitrogen  in  the  temperature  interval  of  500-1200°C  with  exposures 
of  15-120  min  at  each  temperature  [225,  298]  showed  that  up  to  500°C 
after  a  short  period  of  nitridation  (15-30  min)  a  solid  solution  of 
nitrogen  in  niobium  (the  a-phase)  will  be  formed,  and  at  temperatures 
of  from  600  to  1200°C  —  mixture  of  the  nitride  phases  —  g ,  y,  6  and 
e,  Upon  short  exposures  (30-60  min)  at  900°C  the  g-phase  (Nb^N)  will 
be  formed,  and  at  1200°C  —  the  e-phase  (NbN)  without  admixtures  of 
other  phases.  An  analysis  of  the  nitridation  curves  shows  that  the 
saturation  of  niobium  with  nitrogen  with  the  formation  of  the 
a-phase  and  the  single-phase  nitride  Nb2N  obeys  a  law,  close  to  the 
linear  one,  and  of  the  NbN  phase  —  the  parabolic  law.  The  activation 
energy  upon  nitridation  of  the  powder  sharply  decreases  as  compared 
to  energy  of  the  nitridation  of  compact  niobium  and  is  from  1/5  to 
1/ ^  of  the  above-indicated  values  with  the  nitridation  of  compact 
niobium. 

Brauer,  Jander  [277]  and  Love  [299]  prepared  niobium  nitrides  by 
nitridation  niobium  powder  c  shavings  in  a  stream  of  nitrogen  or 
ammonia.  A  similar  nitridat  .  ,n  of  niobium  shavings  for  4-5  h  at  a 
temperature  of  1300°C  makes  it  possible  to  produce  the  highest 
niobium  nitride  NbN,  and  ac  l450°C  -  NbNQ  ^^-NbNQ  ^ .  Nitrides, 
poorer  in  nitrogen  (from  NbNQ  gg  to  NbNQ  ^),  are  produced  by  the 
partial  elimination  of  ?  ,'trogen  upon  heating  the  nitrides  NbN  in  a 
high  vacuum  at  1300-l400°C  for  3-6  h.  Finally,  upon  heating 
mixtures  of  nitrides,  rich  in  nitrogen,  with  niobium  shavings  at 
l450°C  for  3  h  in  an  argon  medium  alloys,  poor  in  nitrogen  (up  to 
NbNQ  grj)  will  be  formed.  In  an  analogous  was  niobium  nitride  was 
prepared  by  Schonberg  [278],  who  nitridated  niobium  powder  and 
niobium  hydride  powder  at  temperatures  of  700-1000°C  from  1  h 
to  2  weeks. 


Brauer  and  Kirner  [295]  carried  out  the  nitration  o-f  niobium 
powder  in  a  nitrogen  medium  at  1200-1500°C  under  pressures  of  up  to 
160  at.  At  temperatures  of  l400-1500°C,  pressures  of  from  50  to 
150  at.  and  exposure  times  of  from  2  to  24  h  the  pure  6-phase  will 
be  formed,  and  at  lower  temperatures  1200-1300°C  and  higher  pressures 
150-160  at.  -  mixtures  of  the  6-  and  e-phases. 

Upon  the  nitrid'ation  of  an  niobium  wire  with  ammonia  for  1  h  at 
1400-1800°C  an  external  layer  of  NbN  and  an  internal  layer  of  Nb2N 
will  be  formed  on  wire  [300]. 

Crystallized  nitride  deposits  are  produced  by  reacting  vapors 
of  NbClj-,  formed  by  the  vaporization  of  NbCl^  at  175°C,  with  a 
mixture  of  equimolecular  volumes  of  N2  +  at  1340-1350°C  and  with 
an  overall  gas  pressure  of  600  mm  Hg  on  the  tungsten  wire  [301]. 

Researchers  [274]  prepared  the  nitride  NbN  by  the  pyrolytic 
decomposition  of  (NHj^NbF-  in  a  stream  of  ammonia  at  700°C. 

Articles  of  niobium  nitride  were  produced  by  sintering  of 
prepressed  briquets  qf  Nb2N  and  NbN  powders  at  1900°C  in  a  vacuum 
with  a  relatively  small  nitrogen  loss  [232].  The  produced  articles 
have  a  porosity  of  0.5-1$.  Another  preparation  method  is  hot  pressing 

p 

at  i800-l850°C  at  a  pressure  of  100  kg/cm  (the  residual  porosity  is 
0.2$;  the  contamination  with  carbon  is  up  to  0.3$  upon  sintering  in 
graphite  molds).  Articles  of  niobium  nitrides  can  be  produced  by 
reaction  sintering  of  pressed  samples  of  niobium  powder  in  nitrogen 
at  900-1200°C  for  4-8  h,  however  the  porosity  of  the  articles  here 
is  not  lower  than  20$. 

Tantalum  nitrides.  A  systematic  study  of  tantalum  nitride, 
discovered  in  1 8 76  by  Joly,  who  ascribed  to  it  the  formula  TaN 
[138],  was  only  begun  in  1924,  when  Van  Arkel  produced  as  a  result 
of  a  gas-phase  reaction  a  preparation  of  rather  high  purity  and 
determined  its  chemical  .composition  and  crystal  structure  f 133] . 

His  work  was  subjected  to  critical  examination  by  Hagg  [307]. 
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was  carried  out-  in  1954  by  Schonberg  [308],  and  also  by  Brauer  and 
Zapp  [309].  Schonberg  demonstrated  the  presence  in  the  Ta-N  system 
of  the  following  of  phases:  a  solid  solution  of  nitrogen  In  tantalum 
with  the  conditional  formula  TaN^Q  Qr  (0-phase),  of  the  nitrides 
TaNM).40~TaNM).45  ( Y“P’nase )  and  TaN^Q  <  8o-Ta\0  . 9Q  (6-phase)  and  TaN 
(e-phase).  The  cubic  lattice  of  the  0-phase  differs  insignificantly 
from  the  cubic  body-centered  lattice  of  pure  tantalum  (a-phase). 

This  superlattice  phase  has  a  unit  cell  constant  of  a  =  3.369  kX 
(the  lactice  constant  of  tantalum  is  a  =  3.311  kX). 


It  is  homogeneous  within  the  limits  of  TaN^Q  ^Q-TaN^0  ^  (y- 
phase),  is  close  in  composition  to  the  nitride  Ta^N.  This  classical 
example  of  a  nitride,  formed  with  respect  to  a  type  of  interstitial 
phases  with  the  atomic  arrangement  of  the  metal  in  a  close-packed 
hexagonal  lattice  and  the  nitrogen  atoms  in  two  octahedral  pores,  in 
the  centers  of  the  unit  cell.  The  6-phase,  with  a  region  of 
homogeneity  of  from  TaN^^  g^  to  TaN^  has  a  simple  hexagonal 
lattice  with  an  AAA...  arrangement  of  the  metallic  atoms.  The 
nitrogen  atoms  are  arranged  in  one  of  the  centers  of  the  two  trigonal 
prisms,  formed  by  the  metal  atoms. 

The  hexagonal  e-phase,  corresponding  to  the  nitride  TaN  in  the 
unit  cell  TaN  contains  three  formula  units  of  the  nitride. 


Brauer  and  Zapp  [309]  detected  only  two  nitride  phases  Ta2N  and 
TaN  (Table  68).  In  determining  the  structure  of  the  TaN  results 
were  obtained,  completely  coinciding  with  the  results  of  Schonberg 
(Fig.  78).  The  shortest  distances  between  the  tantalum  atoms  are 
2. 90;  2.99;  3.33  kX;  the  distance  of  Ta-N  is  2.08  or  2.59  kX.  The 
region  of  homogeneity  of  this  phase  is  very  small,  since  the  alloy 
TaN^  £g  already  contains  the  lowest  nitride  Ta2N,  The  latter  has  a 
region  of  homogeneity  of  from  TaNQ  ^  to  TaNQ  ^  (instead  of 
TaNQ  jj0-TaN0  ^  according  to  Schonberg).  The  tantalum  atoms  form  the 
simplest  hexagonal  packing. 
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Table  68.  The  properties  of  the  tantalum 
nitrides. 


Characteristic 


Region  of  homo /penalty 
Nitrogen  content,  w*.  ji 
Crystal  8truoture 
Lattice  constant,  kv.s 

a 

o 

c/a 

Density,  g/'om3s 
caioul  ated 
pycnometrio 
Melting  point,  °C 
Heat  of  formation 
AH**'  koal/raole 


Speoifio  eleotrioal  resis- 
tanoe  (J  (  200C), 
lift  -CM 

Hall  coeffioient 

#XlO*.  CM>/ c. 

Coefficient  of  thermo-amf 
a.,  y  V/ddfc 

Nbrk  funotion  upon  thormo- 

smissiai  (1700°K),  eV. 

Thermal  conductivity, 

cal/cm.s«deg 

Heat  capaoity  (2980k). 

cal/m'le.deg 

Entropy  (298  °K), 

dag.mole 

Temperature  of  transition 
in  the  auparoonduotive 
state,  OK. 

Microhardness,  kg/mm- 
Radiation  factor  at 
80O-2UC0OC 
Molar  ma^ietio 
susoeptlbility  X-10* 
Elastio  modulus,  kg/mm2 


TaN04,-TaN0M  j  T«N 

3,1—3,86  j  7,19 

Haxagonwd 


3.042-3,0415  (3091 
4,006—4,9088  309} 
1, 62-1, 61 

16,7# — 15,861309] 
15,42-15,46  [309] 

84,7*3  13031 
50,0  |311 

(for  24  at.  14  N  ani 
1600—2380*0 
88.2*5  [314] 


5,1809  [309] 
2,9049  [309] 
0,562 

14.36  [3091 
13,80  309 
3067 ±50  (21  If 
80.0*0,6  (213{ 


220115(318]-  180*10(318) 

—1 .4*0,3(318]  — 0,6*0,09  (318f 

-2,17*0,4  (289)  —1 ,6*0,3  [289] 

4,20  [252] 

0,0240*0,006  [289]  0,0205*0.009(289] 

-  13,10  [47] 
12,4*1,5  [47J 

.  9.5  (31  <1,20  (3041 

1220*120  (318]  !0fc0±75  (318} 

-  0,79  (252) 


+25  (9781 
58700*2000 


Fig.  78.  The  crystal  structure  of 
TaN  (after  Brauer  and  Zapp).  a)  unit 
cell,  b)  its  vertical  cross  section 
with  respect  to  AB. 


According  to  [312],  the  region  of  homogeneity  of  the  Ta2N  at 
room  temperature  is  from  28  to  33  at.  %  N  which  is  close  to  the 
data  of  Brauer  and  Zapp.  The  6-phase,  ascertained  by  Schonberg, 
Brauer  and  Zapp,  was  not  detected  in  this  work. 

However  Brauer  and  Lesser  [310]  completely  confirmed  their 
previous  results,  and  in  a  survey  [256]  it  was  assumed  that  the 
TaNQ  g0-TanQ  ^  phase  of  Schonberg  is  an  oxygen-containing  nitride 
of  tantalum,  but  not  a  compound  of  the  tantalum-nitrogen  system. 

The  solubility  of  nitrogen  in  oantalum  is  small.  In  [311]  it 
was  demonstrated  that  in  the  temperature  interval  of  l600-2000°C 
and  at  a  pressure  of  lO”1  at.  tantalum  in  the  solid  phase  does  not 
dissolve  more  than  7  at.  %  N.  According  to  the  data  of  [312], 
tantalum  at  room  temperature  dissolves  2  at.  %  N,  and  at  2300°C  - 
13  at.  %  N.  In  the  temperature  region  of  l600-2380°C  the  connection 
between  equilibrium  pressure,  nitrogen  concentration  and  temperature 
is  expressed  by  the  relationship 

exp(-4-^\ 

where  C  is  the  nitrogen  concentration,  in  at.  55,  p  is  the  pressure, 
in  at . 
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According  to  an  investigation  of  the  kinetics  of  nitrogen  loss 
by  solid  solutions  of  nitrogen  in  tantalum  in  the  temperature 
region  1670-2170°C  [984],  the  heat  of  solution  of  nitrogen  in 
tantalum  is  equal  to  82  kcal/mole  of  Nj •  The  diffusion  of  nitrogen 
In  tantalum  was  studied  by  the  method  of  internal  friction  in  [313]. 


Certain  data  about  the  interaction  of  tantalum  with  nitrogen 
and  air  are  given  in  [972], 


P.  Chiotti  [43]  showed  that  TaN  at  high  temperatures,  losing 
nitrogen,  is  converted  to  Ta2N.  As  was  noted  in  [312],  TagN  in 
turn  disintegrates  with  the  liberation  of  nitrogen.  This  in  the 
temperature  interval  of  l600-2380°C  is  described  by  the  equation 


4,5.10*  exp  (—  [at]. 

Thus,  it  is  possible  to  consider  established  the  formation  in 
the  Ta-N  of  a  solid  solution  of  nitrogen  in  tantalum  and  the  two 
nitride  phases  Ta^N  and  TaN.  * 


Physical  properties.  Tantalum  nitrides  possess  a  relatively 
high  specific  electrical  resistance  which  attests  to  the  energy 
isolation  of  the  tantalum  and  nitrogen  atoms  in  the  nitride  lattices 
(Table  68).  From  Fig.  79  it  is  clear  that  the  acute  extremes 
correspond  to  the  nitride  TagN. 


Fig.  79.  The  concentration 
dependence  of  electrical 
resistance  and  the  Hall 
coefficient  of  tantalum 
alloys  with  nitrogen. 
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An  electrical  conductivity  of  up  to  25  wt .  %  N  bears  mainly  a 
hole-type  [P-type]  character,  and  at  higher  contents  of  nitrogen  - 
an  electron-type  [N-type]  nature  concerning  which,  in  particular, 
the  negative  sign  of  the  thermo-emf  attests.  On  intense  localization 
of  valence  electrons  near  the  cores  of  the  tantalum  and  nitrogen 
atoms  is  indicated  by  the  low  values  of  hardness,  the  high  melting 
point  of  TaN  and  the  low  values  of  thermo-emf.  According  to  [289], 
the  thermal  conductivity  of  tantalum  nitride  is  of  the  lattice  type, 
just  like  semiconductor  chromium  nitride  CrN,  i.e.,  tantalum  nitride 
Tan  occupies  an  intermediate  position  between  the  metallic  and 
semiconductor  compounds,  where,  apparently,  it  is  closer  to  the 
semiconductors  than  the  metals .  Tantalum  nitride  TaN  does  not 
possess  superconductivity  up  to  a  temperature  of  1.20°K;  the  nitride 
TagN  is  a  superconductor  at  9.5°K. 

Of  scientific  and  practical  interest  are  the  electrical 
characteristics  of  thin  films  of  tantalum  nitride  of  TaN. 

I'ne  powdered  nitride  TaN  has  a  color  from  bluish-gray  to  dark- 

gray. 


Chemical  properties.  Tantalum  nitride  TaN  is  very  stable  with 
respect  to  most  of  the  mineral  acids  of  any  concentrations  both 
cold,  and  also  when  heated  [276,  313].  It  is  unstable  in  dilute 

and  also  in  concentrated  when  boiling;  it  is  readily  dissolved 
by  hydrolysis.  It  rapidly  dissolves  in  HNO^  +  HP  and  H^Ojj  +  I^SO^ . 
It  is  unstable  in  hydrogen  [256],  In  work  [316]  data  are  given  on 
the  resistance  of  tantalum  nitride  to  the  action  of  technical  gases. 
On  the  whole  the  chemical  properties  of  tantalum  nitrides  are  close 
to  the  chemical  properties  of  tantalum,  with  the  exception  of 
oxidation,  which  for  tantalum  begins  at  500-600°C,  and  for  tantalum 
nitrides  -  only  slightly  at  800°C. 

Production  methods.  Tantalum  nitrides  are  produced  by  heating 
tantalum  powder  in  a  stream  of  nitrogen  or  ammonia.  Horn  and  Ziegler 
[317]  prepared  very  pure  alloy b  of  tantalum  with  nitrogen  by  treating 
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tantalum  powder  with  nitrogen  at  a  temperature  of  1 100-1 200°C, 

Schonberg  [308]  —  by  nitriding  tantalum  and  tantalum  hydride  at 
700-1100°C  from  1  h  t<.  2  weeks.  Brauer  and  Zapp  [309]  produced 
nitrogen-rich  alloys  of  *he  Ta-N  system  by  treating  of  tantalum 
powder  with  nitrogen  for  6  h  at  11400°C.  The  kinetics  of  the  process 
of  nitriding  tantalum  were  studied  by  Gulbransen  [179] »  whose  data 
are  given  in  Fig.  80 .  The  value  of  the  rate  constant  of  reaction 
varies  within  the  limits  of  500-850°C  from  9.6*10  ^  to  2.8*4*10  ^ 
g/cm^*s;  the  activation  energy  of  nitridation  is  equal  to  39  kcal/mole. 
The  kinetics  of  nitridation  were  investigated  at  higher  temperatures 
in  [311,  312]. 


Fig.  80.  Kinetic  curves  of  the 
nitridation  of  tantalum. 


The  optimum  conditions  for  producing  of  tantalum  nitrides  by 
treating  tantalum  powder  with  nitrogen  are:  for  Ta2N  a  temperature 
of  800-900°C,  for  TaN  -  1200°C  with  a  nitridation  time  of  1-2  h 
[178].  To  produce  the  nitride  TaN  at  1100°C,  5-6  h  of  the 
nitridation  are  necessary. 

Chiotti  [*43]  investigated  the  conditions  of  preparing  tantalum 
nitride  by  nitriding  the  metal  with  ammonia;  at  a  temperature  of 
80C-900°C  and  with  an  exposure  of  from  5  to  18  h  the  nitrogen 
content  in  the  alloy  reached  a  total  of  6.12$  and  on  the  X-ray 
photograph  only  weak  lines,  belonging  to  TaN,  were  detected.  The 
alloy  upon  being  heated  in  a  vacuum  at  2000°C  lost  a  part  of  its 
nitrogen,  being  converted  into  the  nitride  Ta2N.  With  subsequent 
heating  in  a  vacuum  tantalum  lines  appeared  on  the  X-ray  photographs 
which  indicates  the  subsequent  disintegration  of  the  nitride. 
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Friederich  and  Sittig  [110]  prepared  tantalum  nitride  with  a 
content  of  6.9$  N  by  heating  tantalum  hydride  in  nitrogen. 


Upon  heating  a  mixture  of  Ta20,.  and  carbon  in  a  stream  of  N2 
and  NH^  it  is  not  possible  to  produce  the  pure  nitride;  the  nitride 
content  in  the  best  case  is  10-15$;  remainder  is  the  carbide  TaC 
[110].  Analogous  products  were  obtained  by  treating  tantalum  powder 
with  nitrogen,  containing  traces  of  carbon  compounds. 


Alloys  of  tantalum  with  nitrogen  can  be  produced  by  precipitating 
from  the  gas  phase  a  mixture  of  TaCl^  +  N0  +  H^,  however  along  with 
TaN  tantalum  is  liberated,  being  reduced  from  by  hydrogen. 

Therefore  it  is  better  to  carry  out  the  precipitation  of  the  mixture 
TaCl^  +  N2,  but  at  high  temperatures  of  the  order  of  2500-2800°C. 

The  researchers  [27^]  indicate  that  upon  the  decomposition  at 
700-800°C  of  the  compound  (NHj^TaF-  preparations  will  be  formed, 
the  composition  of  which  can  be  expressed  by  the  formula 
Ta^N^CTaN^  g^),  having  a  reddish-brown  color  and  soluble  in  boiling 
concentrated  H2SO^  and  hydrofluoric  acid. 

The  existence  of  this  compound  was  recently  confirmed  in  [980], 

* 

where  Ta^N  was  produced  by  the  action  of  ammonia  on  tantalum 
0  5 

pentoxide  at  800-900°C 


3TaA  f  1GNH,  =  2Ta,N*  -f-  15H,C. 


In  this  work  additional  characteristics  of  the  properties  of 
the  compound  were  obtained.  It  was  found  that  it  oxidizes  in  air  at 
200°C;  in  a  vacuum  of  10  mm  Hg  at  temperatures  above  800°C  it 
does  not  completely  lose  its  nitrogen,  being  converted  into  a 
certain  new  nitride  phase  with  a  black  color.  ,  With  subsequent 
heating  above  ]100°C  this  phase  is  converted  into  a  mixture  of  the 
nitrides  TaN  and  Ta2N.  The  density  of  Ta-,N^  is  equal  to  9-85  g/cm  ; 
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the  electrical  conductivity  of  the  pressed  powder  is  lower  than 

-ft  _1 

10  0 • c m  ;  It  is  diamagnetic.  Its  crystal  structure  has  not 

yet  been  sufficiently  investigated;  according  to  preliminary 

data  Ta0N_  has  a -tetragonal  lattice  with  constants  of  a  =  10,26ft; 
5  bo 

c  =  3,893  A. 


The  formation  of  a  similar  nitride  wii.i  not  agree  with  the  oata 
on  the  tantalum-nitrogen  system,  however  its  existence  is  completely 
possible  since  A.  Kh.  Breger  managed  to  obtain  in  an  analogous  way 
the  titanium  nitride  TiN^  (see  p.  195),  This  compound,  obviously, 
should  possess  a  high  fraction  of  ionic  bonding  and  tne  nitrogen 
atoms  should  have  a  high  statistical  weight  of  stable  s‘‘;>  - 
configurations . 

To  produce  ultra  athin  tantalum  nitride  powder  the  action 
of  a  stream  of  hydrogen  is  used  at  a  temperature  of  3000°C  on 
tantalous  chloride  [10231.  The  nitrogen  content  in  this  nitride 
is  6.5%  (as  compared  to  the  calculated  content  7.19%  for  TaN),  with 
an  admixture  of  oxygen  of  about  155;  the  dimension  of  the  particles 
is  several  hundredth  parts  of  a  micron. 


Articles  are  prepared  from  tantalum  nitrides  by  hot  pressing 

of  nitrides  powders  at  a  temperature  of  l800°C  and  a  pressure  of 
3 

100  kg/cm  in  an  argon  medium.  The  obtained  products  have  a 
residual  porosity  of  1.5-2?;  the  contamination  with  the  carbon  of 
the  graphite  mole  is  up  to  0.1?.  Articles  of  tantalum  nitrides 
are  prepared  by  the  sintering  of  prepressed  intermediate  products 
of  nitrides  in  a  vacuum;  by  the  reaction  sintering  of  briquets, 
pressed  from  tantalum  powder  in  a  stream  of  nitrogen  at  900°C 
for  8  h  for  Ta^N  and  at  1200°C  for  4  h  for  TaN.  The  obtained 
articles  have  a  residual  porosity  of  9-14?, 
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4.  Transition-Metal  Nitrides 


n - irT 

u  x  v  up  v  J- 


Chromium  nitride.  The  solubility  of  nitrogen  in  solid 
chromium  is  slight  [321,  334].  In  work  [323]  it  was  demonstrated 
that  the  solubility  of  nitrogen  in  chromium  is:  at  llOC^C  —  0.04 
wt.  %  \  at  1200° C  -  0.09  wt .  %t  at  1300°C  -  0.14  wt ,  %  and  at  1400°C  - 
0.26  wt.  %. 


The  data  on  the  solubility  of  nitrogen  in  chromium  in  the 
temperature  interval  700-1320°C,  determined  in  work  [943] >  are 
close  to  the  data,  obtained  in  [323]. 

The  maximum  absorption  of  nitrogen  by  liquid  chromium  is  at 

pM  =  1  at.  about  4  wt .  %t  [322,  323].  The  temperature  dependence 
w2 

of  the  solution  constant  of  nitrogen  in  chromium  in  the  temperature 
interval  l600-1750°C  has  the  form  [322]: 

0,2782.  6 

The  lowering  of  the  general  state  of  the  nitrogen  in  the  chomium 
with  an  increase  in  temperature  was  connected  with  the  exothermic 
nature  of  the  reversible  formation  reactions  of  chromium  nitrides 
from  liquid  chromium  and  nitrogen  [324].  This  was  distinctly  proven 
in  [322],  where  it  was  established  that  the  nitrogen  content  in 
the  chromium  decreases  from  4.0842  wt.  %  at  l600°C  to  3.5413  wt .  % 
at  1750°C. 

According  to  [320,  325],  in  the  chromium-nitrogen  system  two 
nitrides  CrNx  and  Cr2Nx  will  be  formed.  The  nitride  Cr2N  (3-phase) 
has  a  region  of  homogeneity,  located  according  to  old  data  within 
the  limits,  of  from  11.3  to  11.9  wt.  %  N,  and  according  to  Eriksson 
[325]  -  from  9.3  to  11.9  wt.  %  N.  His  structure  is  characterized 
by  the  disordered  arrangement  of  the  nitrogen  atoms  in  the  hexagonal 
densest  packing  of  the  lattice,  of  the  chromium  atoms,  i.e.,  this  is 
typical  interstitial  phase  of  nitrogen  in  a  chromium  lattice. 
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The  .phase  Cr&  (ypbase)  has  a  simple  cubic  lattice  of  the  NaCl 
type.  In  works  [ 3 ^ 3 #  350]  the  results  of  an  electron  diffraction 
investigation  .of  the  nitride  CrN  are  given. 

Physical  properties.  Chromium  nitride  in  the  powdered  state  is 
black,  and  Cr2N  is  light-gray  in  color.  The  physical  properties  of 
these  nitrides  were  investigated  in  detail  in  [326-328],  where  it 
was  noted  that  CrN  is  a  semiconductor  with  a  forbidden  zone  width 
of  about  0.24  eV  with  high  electrical  resistance.  Hall  coefficient 
and  thermo-emf  (Table  69).  The  temperature  dependence  of  the 
thermo-emf  and  the  specific  electrical  resistance  of  CrN  is  shown  in 
Pig.  81.  In  works  [326,  328,  329]  the  magnetic  properties  of 
chromium  nitrides  were  studied,  it  was  established  that  they  are 
paramagnetic  materials  with  a  susceptibility,  somewhat  greater  than 
pure  chromium.  In  [329]-  it  'is  noted  that  the  presence  of 
paramagnetism  for  the  chromium  nitrides  is  an  indication  that  they 
have  resonance  covalent  bonds  (after  Pauling),  since  with  normal 
covalent  bonds  they  would  bo  diamagnetic  materials  or  slightly 
magnetic  substances.  In  work  [330]  an  X-ray  spectral  investigation 
was  conducted  for  chromium  nitrides  in  comparison  with  other 
compounds  of  chromium.  The  presence  of  a  regular  variation  in  the 
intensity  of  initial  absorption  in  the  series  C^O^*  CrN,  CrB2, 
and  also  the  decrease  of  the  magnetic  susceptibility  in  this  series 
attests  to  the  increase  in  the  fraction  of  covalent  bonding  along 
with  the  presence  of  ionic  bonding,  and  also  to  a  decrease  in  the 
number  of  uncompensated  spin  electrons  on  the  3d-shell  of  the 
chromium  atoms.  In  the  compounds  Cr^C,,,  CrB,  Cr^C^,  Cr2N  there  Is 
observed  a  greater,  than  in  the  above-mentioned  series,  initial 
region  of  K-absorption  spectra  and  a  substantially  smaller  magnetic 
susceptibility  that  makes  it  possible  to  assume  the  presence  in 
them  of  resonance  covalent  bonding.  In  hybridization  almost  all 
3d-electron  orbits  participate  with  a  decrease  here  in  the  number 
of  free  states  and  with  a  considerable  increase  in  number  d-states 
with  a  p-character.  On  the  whole  CrN  has  ionic-covalent  character, 
and  Cr2N  has  a  covaience-metalltic  character  [329].  It  is  also 
possible  to  come  to  the  same  general  conclusion  from  positions  of 
the  concepts  concerning  the  formation  by  the  atoms  in  the  compound 
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of  stable  electronic  configurations  with  a  minimum  of  free  energy. 

With  the  formation  of  chromium  nitride  it  is  possible  to  assume  the 

acquisition  by  the  chromium  atom  of  a  stable  d^s ^-configuration  as 

a  result  of  receiving  one  electron  from  a  nitrogen  atom,  having 

a  configuration  of  localized  sp^-electrons .  Such  a  combination  of 

configurations  causes  the  cubic  structure  of  this  nitride,  and  also 

the  appearance  of  the  energy  gap  between  the  states  of  the  chromium 

and  nitrogen  atoms  with  the  semiconductor  properties  following  from 

this.  The  formation  of  unpaired  electrons  on  the  d-orbio  also  causes 

the  increased  paramagnetism  of  this  nitride.  In  the  nitride  Cr2N 

it  is  necessary  to  consider  possible  the  formation  of  a  high 
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statistical  weight  of  ds  -configurations  of  chromium  atoms  (such 
configurations  in  an  extreme  case  should  cause  anti ferromagnetism) 7 
with  the  formation  by  the  nitrogen  atoms  of  a  sp  -  configuration  and 
an  electron,  which  is  located  mainly  in  the  nonlocalized  state  and 
causes  the  metallic  properties  of  this  nitride.  It  is  natural,  that 
the  paramagnetism  of  the  nitride  decreases  as  compared  to  CrN  and 
its  value  approaches,  as  one  would  expect  the  paramagnetism  of 
chromium.  The  great  localization  of  valence  electrons  in  the  stable 
configurations  in  CrN  causes  its  great  heat  of  formation  as 
compared  to  Cr2N,  and  the  energetic  separation  of  the  atoms  -  its 
ease  of  dissociation  into  elements  (at  1500°C).  The  great  local¬ 
ization  of  valence  electrons  in  CrN  is  also  Indicated  by  the  large 
value  of  the  Hall  effect  and  the  low  concentration  of  effective 
current  carriers  with  their  high  mobility  due  to  the  weak  dispersion 
on  the  stabilized  atomic  cores. 


Pig.  81.  Temperature  dependence  of 
the  thermo-emf  and  the  specific 
electrical  resistance  of  chromium 


nitrides:  1  -  <*GrN;  2  -  BGrN;  3  - 


eCrN  (15.5*  N-);  4  “  gCrN;  5  “  aCr2N* 


I 


y  ^  ^jgxrvjs*^ 


&  £'X^C3*?Si^^5,'>': 


Table  69.  Irroporties  of  chromium  nitrides 


Characteristic 


Nltrogsn  oontwit,  wt.  # 

Region  of  homogeneity,  at.  # 
Crystal  structure 

Lattice  constants,  kX: 
a 
o 

o/a  ,  , 

Density,  g'omJ: 
calculated 
pycnoaetrio 
Melting  point,  °C 
Heat  of  foraatlon  — A/fgg, 
kcal/aole 

Temperatures  (°C),  at  which 
tne  elasticity  upon  disso¬ 
ciation  is: 

1  inn  Hg 
10*3  nan  Hg 

Specific  eleotrioal  resistance 
(20  °C),  yJJ»  oa 

The rani  coefficient  of  eleo¬ 
trioal  res:  ?t!"ioe, 
deg*1 

Thermo- emf  jj  V/deg 
Hell  oonetant  (20°C), 

R  x  lo4,  oa3/* 

Effective  concentration  of 
current  carriers  n  x  10“23, 

cw-3 

Mobility  of  the  current  carri¬ 
ers,  u,  osr/s 
Ma@iwtio  susceptibility 
X*  io® 

Thermal  conductivity, 
oal/«n.«.dag. 

Microhardness,  kg' Of 
Radiation  factor  {  A  a  655 
ya)  at  a  temperature  of 

800-1 300°C 

Elastio  modulus,  k</ian2 


32-33,3  (401] 
Hexagonal  close* 
packed 

4,806-4,760  [401] 
4,479^,433 
0,928 


7,6  [322] 


79*3  (326,  327] 


Very  narrow 

Cubic  face-  **• 
centered  tan 

4,148  (401) 


6.18 

5.8-6, 1  (1) 

At  1500°C  it ‘ 
decomposes 
23,5  [963] 


719  174] 

533  [74] 

640*40  (326,327) 


4-1,78  1326,  327]  3,75  (326,  327] 

— £2*0,1  1326,  327),  -92*6  (326,  327] 

—0, 7*0,1  (£6,  327]  —260*131326,327] 


0,89  (326,  327) 

0,83  J328,  327] 
5,7  [329] 


5,6  (326,  327) 

0,519  12891 
1571*4512891 


0.69  13«1 
32000  11077 


•Magnetic  susceptibility  of  chromium,  according 
to  3.4.10*6 
♦*For  C  rN 


0,002  (326,327) 

41,0  (326,  3271 
18,0  I329l_ 
12,1  [326.  327] 

0,0300**  [2891 
1093*93  (289) 


0.80-0.55  1340] 
I  33000  (lOftl 

to  (329],  is  equal 


Chemical  properties.  A  detailed  investigation  of  the  chemical 
stability  of  the  chromium  nitrides  was  carried  out  in  [276,  315, 
3^1],  from  which  it  follows  that  the  nitride  CrN  is  considerably 
more  resistant  than  CrgN  to  the  action  of  the  mineral  acids. 

Aqueous  alkaline  solutions  of  both  nitrides  hardly  decompose  at  all. 
It  Is  necessary  to  note  [276]  that  the  nitride  CrN  is  along  with 
tantalum  nitride  TaN  one  of  the  stablest  of  the  transition-metal 
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nitrides,  and  the  nitride  Cr^N  is  one  of  the  least  stable  along 
with  the  zirconium  nitride  ZrN.  Both  chromium  nitrides  are  most 
completely  decomposed  by  perchloric  acid,  and  Cr2N,  furthermore,  - 
by  dilute  and  concentrated  HC1,  and  also  by  dilute  H2SO^  (1:4). 

The  chromium  nitride  CrN  does  not  react  with  hydrogen;  it  burns  in 
oxygen  to  form  Cr20^. 

Producing  methods.  Alloys  of  chromium  with  nitrogen  are 
prepared  by  the  nitridation  chromium  powder  with  ammonia  at  a 
temperature  of  800-l400°C  [332].  The  chromium  nitride  CrN  is  also 
produced  by  treating  with  nitrogen  at  600-900° C  fine  pyrophoric 
chromium  powder,  prepared  by  the  decomposition  of  the  amalgam  [55]. 

It  is  also  possible  to  produce  the  nitrides  by  the  direct  sublimation 
of  amalgam  in  nitrogen. 

The  authors  [953]  investigated  equilibrium  in  the  chromium- 
nitrogen  system  depending  upon  pressure  and  temperature  by  nitriding 
flaky  electrolytic  chromium  with  a  purity  of  99.40?  (the  basic 
impurity  is  oxygen  0.588?),  The  temperature  was  varied  within  the 
limits  of  1100-1400°C;  the  nitrogen  pressure  was  0.5-45  mm  Hg.  In 
all  cases  two-phase  samples  were  obtained,  consisting  of  the 
chromium  nitride  Cr2N  and  a  solid  solution  of  nitrogen  in  chromium. 
The  measurement  of  the  nitrogen  pressure  above  the  two-phase  sample 
of  approximately  equimolar  composition  showed  that  the  pressure 
at  1000°C  is  0.5;  at  1100°C  -  1.5;  at  1200°C  -  6.6;  at  1300°C  - 
19;  at  l400°C  -  43.5  mm  Hg. 

A  systematic  investigation  of  the  nitridation  of  chromium  powder 
to  produce  nitrides  was  carried  out  in  work  [178].  It  was 
demonstrated  that  the  maximum  absorption  of  nitrogen  by  chromium 
occurs  in  the  temperature  interval  800-1000° C.  A  temperature  of 
900-950°C  is  optimum  for  producing  the  CrN  phase.  In  this 
temperature  range  the  reaction  between  powdered  chromium  and  nitrogen 
occurs  so  actively  that  it  is  necessary  to  increase  the  supply  rate 
of  nitrogen  to  furnace  by  8-10  times.  Above  1000°C  the  CrN  phase 
is  unstable  and  converts  to  Cr2N.  To  produce  the  single-phase 


nitride  Cr2N  it  is  necessary  after  2-4  n  of  exposure  at  1200-1300°C 
to  sharply  cool  (to  harden)  the  obtained  product  along  with  the 
reactor,  since  with  slow  cooling  considerable  aborption  of  nitrogen 
occurs  with  the  formation  of  a  mixture  of  the  CrN  and  Cr2N  phases. 

The  slower  the  cooling  occurs  in  the  temperature  interval  1000-800°C, 
the  more  CrN  will  be  formed  in  the  obtained  product.  The  reaction 
between  compact  chromium  and  nitrogen  was  studied  in  [334]  in  the 
temperature  range  1000-1300°C.  It  was  determined  that  the  kinetic 
absorption  curves  of  nitrogen  bear  a  parabolic  nature.  The  activation 
energy  of  diffusion  was  determined  to  be  23.3  kcal/mole  which 
coincides  well  with  the  data  of  [335]  and  [336],  in  which  the 
values  of  the  activation  energy  of  diffusion  were  found  to  be 
respectively  25.7  and  27-28  kcal/mole.  The  maximum  rate  of  nitrogen 
absorption  is  observed  at  1100°C;  the  reaction  constant  is  equal  to 
2.4* 10~9  (g/cm2)2/s. 


Reaction  diffusion  of  nitrogen  into  chromium  begins  at  a 
temperature  of  700°C;  it  increases  at  first  slowly,  and  at  1030°C  - 
very  rapidly.  This,  probably,  is  connected  with  the  formation 
above  1030°C  of  only  the  Cr2N  phase  (below  Cr2N  will  be  formed  and 
on  the  outside  of  the  samples  -  CrN) ;  it  is  also  noted  that  reverse 
diffusion  of  chromium  does  not  occur. 


Kiessling  and  Liu  [320]  prepared  chromium  nitrides  by  treating 
chromium  boride  with  ammonia:  at  735°C  CrN  will  be  formed,  between 
800  and  1100°C  -  a  mixture  of  CrN  and  Cr2N  and  at  ll80°C  -  Cr2N. 

Olson  with  his  colleagues  [337]  produced  a  chromium  nitride 
film,  by  passing  ammonia  over  chromium,  degassed  in  a  vacuum  (10-*1 
mm  Hg).  An  investigation  of  the  films,  produced  by  a  ten-minute 
nitridation  at  950-1000°C,  showed  that  they  consist  mainly  of  CrN, 
at  higher  temperatures  -  of  a  mixture  of  CrN  and  Cr2N  and  at  the 
highest  temperatures  -  of  Cr2N.  These  data  coincide  well  with 
results  of  work  [178,  320].  Chromium  in  the  finely-dispersed 
state  absorbs  nitrogen  at  800°C  [338];  with  an  Increase  in  a 
nitrogen  pressure  absorption  is  somewhat  increased  [339]. 
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Methods  are  known  [332]  for  producing  chromium  nitrides  by 
heating  CrCl^  or  CrOgClg  with  ammonia  or  with  magnesium,  lithium 
and  other  nitrides,  however  it  is  doubtful  whether  all  these 
preparations  can  be  considered  pure. 

Researchers  [27*0  indicate  the  possibility  of  producing 
chromium  nitride  CrN  by  the  decomposition  of  (NH^^CrFg,  which 
begins  at  300°C  and  proceeds  to  the  end  at  600°C. 

The  preparation  of  articles  of  chromium  nitrides  is  most 
effectively  carried  out  by  the  reaction  sintering  of  intermediate 
products,  pressed  from  chromium  powder  in  a  stream  of  nitrogen 
[232].  The  optimum  temperature  for  sintering  an  intermediate 
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product,  pressed  at  a  pressure  of  1.8  t/cm  with  the  formation  of 
an  article  of  C^N,  is  950°C.  The  obtained  articles  have  a 
residual  porosity  of  11$.  A  reduction  in  the  porosity  of  a  sintered 
article  as  compared  with  a  pressed  intermediate  product  occurs  as  a 
result  of  an  increase  in  specific  volume  with  the  formation  of 
nitride  of  chromium;  this  increase  is  40-50$.  An  analogous  method 
of  producing  articles  from  Cr2N  is  described  in  work  [234],  It  is 
recommended  that  the  intermediate  products  of  chromium  powder  be 
first  sintered  in  argon  at  1300-1400° C,  for  16  h,  then  that  they 
be  nitrided  at  1300°C.  However  the  results  obtained  were  worse; 
the  residual  porosity  was  higher  than  30-35$,  due  to  the  inactiva¬ 
tion  of  chromium  upon  prolonged  sintering  in  argon. 

Molybdenum  nitrides .  Molybdenum  nitrides  were  first  produced 

by  Urlaub  in  1857  and  he  ascribed  to  them  the  formulas  MOt-N-  and 
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Mo5N4  [345].  Rosenhein  and  Braun  [346]  produced  molybdenum  nitride 
by  reacting  Mo0^,  MoCl^  or  MoCl^  with  ammonia  and  gave  it  the 
formula  Mo_N0. 

A  systematic  investigation  of  molybdenum  nitrides  by  the  X-ray 
analysis  method  was  carried  out  by  Hagg  [347],  which  established  in 
the  Mo-N  system  the  presence  of  three  nitride  phases:  the  6-phase 
MOjjN2  (MoNq^q),  which  earlier  was  ascribed  the  formula  Mo^N,  with 


a. tetragonal  distorted  lattice  of  metallic  atoms ?  a  y-phase  Mo0N 
with  a  cubic,  face -centered  lattice  and  a  6-phase  MoN  with  a 
simple  hexagonal  ^Lattice,  analogous  the  nickel-aresenide  lattice. 
The  8-phase  is  stable  at  temperatures  above  600° C.  The  region  of 
homogeneity  of  the  Mo2N  phase  at  high  temperatures  is  displaced  in 
the  direction  of  increased  contents  of  molybdenum  (1  g.  82).  It 
follows  from  this  that  the  products,  described  by  Unaub, 

Rosenhein  and  Braun,  were  either  mixtures  of  molybdenum  nitrides, 
or  defect  nitride  phases. 


Pig.  82.  Phase  diagram  of  the  molybdenum- 
nitrogen  system. 


Schonberg  [348]  confirmed  Hagg’s  data  who  studied  in  some  detail 
the  structure  of  the  6-phase  (MoN). 

A  subsequent  investigation  of  the  structure  and  compositions  of 
molybdenum  nitrides  was  carried  out  in  the  works  of  Z.  G.  Pinsker 
with  his  colleagues  [349-352], 

An  electron  diffraction  study  of  the  structure  of  the  y-phase 
(Mo2N),  having  a  cubic  lattice,  demonstrated  that  the  phase  tended 
toward  the  formation  of  subtraction  structures  with  a  defect  in 
the  molybdenum  atoms.  Upon  investigation  the  hexagonal  nitride 
6 -MoN  it  was  discovered  that  actually  there  are  two  molybdenum 
nitrides  of  this  composition  with  slightly  different  lattice 
constants  (6’-  and  5"-phase),  the  6’-phase  is  distinguished  by  a 
certain  displacement  of  the  molybdenum  atoms  from  their  particular 
positions  [349,  351].  With  a  nitrogen  deficiency  a  laminar  grain 
MoJo  (the  6 ’-phase )  will  be  formed  and  with  a  greater  nitrogen 
content  -  the  6 "-phase.  The  introduction  of  a  larger  quantity  of 
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nitrogen  does  not  increase,  but  decreases  the  lattice  constant  (for 
the  6' -phase  a  *  5.72;  c  ■  5.60,  for  the  5 "-phase  a.*  5.665;  c  * 

■  5*520  &)  which  is  explained  by  the  following  circumstances.  The 
lattice  of  the  6-phase  consists  of  pockets,  each  of  which  is  formed 
by  three  atomic  layers  (MoNMo),  i.e.,  this  lattice  is  of  laminar 
type.  The  introduction  of  additional  nitrogen  into-  the  prisms 
between  the  pockets  leads  to  compacting  of  the  packing,  i.e.,  to 
"tightening”  of  the  molybdenum  atoms.  The  8-pha3e  is  a  tetragonal 
high-temperature  modification  of  the  cubic  y-phaoe  with  a  transition 
point  of  650°C  [355]. 

The  solubility  f  nitrogen  in  molybdenum  is  very  small;  the 
region  of  the  a-phase  is  narrow;  it  is  possible  to  assume  that  solji 
molybdenum  practically  does  not  dissolve  nitrogen  [353,  354] .  Even 
with  a  content  in  molten  molybdenum  of  0.00082  nitrogen  formation  of 
the  Mo^N  phase  is  observed  [356]. 

The  results  of  an  investigation  of  the  adsorption  of  argon, 
oxygen,  nitrogen  and  carbon  monoxide  by  powdered  molybdenum  (with 
a  purity  of  99.92,  a  specific  surface  M).5  m2/g)  at  -195°  and  -183°C 
showed  that  the  adsorption  of  nitrogen  is  small  and  is  close  to 
the  adsorption  of  argon  (the  values  of  the  capacity  of  the 
monomolecular  layers  are  close)  [357]. 

Physical  properties.  The  basic  physical  properties  of  molybdenum 
nitrides  are  given  in  Table  70.  The  MopN  phase  has,  apparently, 
a  metallic  character  [289].  In  contrast  to  the  other  transition- 
metal  nitrides  Mo2N  has  a  positive  sign  for  the  coefficient  of 
thermo-emf  which  attests  to  the  hole  character  [P-type]  of 
conductivity.  This  is  also  indicated  by  the  positive  sign  of  the 
Hall  constant.  The  extremely  low  microhardness  of  this  nitride 

n 

(630  kg/mm'3)  is  a  result  of  the  severe  asymmetry  of  the  distribution 
of  the  electron  density  or  the  defect  structure,  which  was  indicated 
above.  The  nitride  MOgN  is  thermally  unstable  and  readily  converts 
to  the  lower  nitride  Mo^N. 


26: 


Table  70,  Properties  of  molybdenum  nitrides. 


'haractarlstic 

Mo2N 

Mo2N 

MoN 

Nitrogen  content,  wt.  $ 

5.4 

6,75 

12,73 

Region  of  homoger.ilty,  at.  $ 

Narrow  |348] 

-32-33  (  348) 

Narrow  [348] 

Crystal  structure 

Pace-centered 

tetragonal 

Cubic  face- 
cantered 

Hexagonal 

Lattice  constants,  kX: 

I 

a 

4,180  [347] 

4 .155—1,  <60 
J347) 

5,725  13481 

c 

4,016 

5,608 

c/a 

0,962 

0,930 

Density.  g/cm3s 

calculated 

pyononetric 
Malting  point,  °C 

Heat  c  opacity  (298*  K5.oal/oole.d  eg 
Heat  formation!—  AHj9j)  kcal/mcOa 
Temperatures  (*C )  at  <*hioh  the 
dissociation  pressure  isi 
1  mm  Hg 
j  10*3  mm  Hg 

Speoifio  eleotrical  resistance 

1 

Coefficient  thermo-emf  Uv/deg 
Hell  coefficient,  o«?/o 
Thermal  oonduotivity,  cal/om 
oal/cm-s.dog  _ 
Microhardness,  kg^inn3 

Temperature  of  the  advent  of 
superconductivity,  °K 


Decomposes 


8,04  [3471 
Decomposes  at 
895°  C  ' 
8.93  13601 
16,6*0.5  1471 


9,13  [966] 
8.60  1347 j 
Dsoomposes 


329  |741  - 

209  -■  - 

19,8*7  1289)  - 

2,18*0,5  1289)  - 

2.83*1,2  2a9i  - 

0,0427*0.007  - 

(289] 

630*86  1289}  - 

5,0  1275,  304)  12,0  {275  .  304J 


The  physical  properties  of  the  others  phases  have  practically 
not  been  investigated.  The  nitrides  Mo2N.and  MoN  are  super¬ 
conductors  with  hith  values  of  transition  points  [275,  304] .  The 
transition  temperature  in  the  superconductive  state  for  Mo^N  is 
lower  than  for  MoN  (5.0  and  12.0°K  respectively).  It  is  possible 
to  assume  that  with  the  formation  of  MoN  a  portion  of  the  non- 
localized  electrons  of  the  molybdenum  atoms  is  transferred  to  the 
nitrogen  atoms  with  the  formation  for  the  latter  of  an  increased 
statistical  weight  of  stable  s  p  -configurations  which  ensures 
the  creation  of  an  "energy  channel”  from  the  stable  configurations 
of  the  molybdenum  (d  )  and  nitrogen  atoms,  the  slight  electron 
scattering  in  which  leads  to  the  high  value  of  Tk.  In  the  case  of 
the  nitride  Mo2N  it  is  the  same  in  principle,  however  the  high 
concentration  here  of  nonlocalized  electrons  from  two  molybdenum 
atoms  cannot  be  substantially  decreased  due  to  the  capture  of 
electrons  by  the  nitrogen  atoms  that  leads  to  a  decrease  in  the 
value  of  T  .  It  is  also  possible  that  in  this  case,  judging  from 
the  cubic  symmetry  of  M02N,  the  nitrogen  atoms  will  form 
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sp J- con figurations  with  the  liberation  of  one  electron  per  atom  which 
also  should  lead  to  a  reduction  in  TK  for  Mo2N  as  compared  to  MoN. 

Chemical  properties.  When  heated  in  air  molybdenum  nitrides 
are  oxidized  to  MoO^..  There  are  indications  about  their  spontaneous 
ignition  in  air  [1], 

When  heated  in  argon  3-nitride  does  not  vary  up  to  1000° C;  when 
heated  in  a  vacuum  it  loses  nitrogen;  the  transition  to  the  a-phase, 
i.e.,  practically  pure  molybdenum  [359].  The  MoN  decomposes  in  a 
vacuum  more  slowly  than  WN. 

Producing  methods .  Upon  the  passing  of  ammonia  over  molybdenum 
at  a  temperature  of  850° C  only  a  small  fraction  of  the  metal  is 
converted  into  an  alloy  by  the  nitrogen  [358],  Hagg  [347]  prepared 
molybdenum  alloys  with  nitrogen  by  passing  ammonia  over  freshly- 
reduced  molybdenum  powder  at  400-720° C  for  4-24  h.  Alloys  were 
formed,  containing  from  0.77  to  7.15%  N.  Above  725°C  these  alloys 
dissociate.  To  produce  a  higher  nitrogen  content  of  up  to  11.95S? 
prolonged  nitridation  (up  to  120  h)  at  400°C  is  necessary.  Schonberg 
[348]  prepared  molybdenum  nitrides  by  treating  molybdenum  powder  with 
nitrogen  at  a  temperature  of  800° C  for  several  hours.  The  maximum 
nitrogen  content  was  49.6  at.  %. 

Urlaub  [345]  produced  molybdenum  nitrides  by  passing  ammonia 
over  M"C1^  or  MoO^.  Molybdenum  nitrides  were  obtained  in  an 
analogous  way  by  Rosenhein  and  Braun  [346], 

In  work  [359]  the  formation  of  molybdenum  nitrides  by  the 
simultaneous  reduction  and  nitridation  of  molybdenum  trioxide  and 
ammonium  molybdate  with  a  mixture  of  70  vol.  %  N2  and  30  vol.  %  H2 
was  investigated  in  detail.  As  a  result  in  a  temperature  of  750- 
800° C  the  3-nitride  is  produced.  It  has  been  demonstrated  that  a 
nitride  film  forming  on  molybdenum  particles,  is  semi-impermeable 
to  nitrogen,  is  hydrogenated  with  the  formation  of  different  com¬ 
pounds  of  the  ammine  type  which  causes  the  loosening  of  the  film 
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process.  Upon  the  nitridation  of  molybdenum  powder  with  ammonia 
two  nitride  phases  8  and  y  will  be  formed. 


According  to  [178],  by  treating  molybdenum  powder  with  nitrogen 
the  producing  of  nitrides  is  hampered.  The  nitride  Mo2N  will  be 
formed  by  treating  powdered  molybdenum  with  ammonia  at  700°C  for 
4  h,  where  the  role  of  the  hydrogen  reduces,  besides  the  above- 
indicated,  to  the  reduction  of  the  molybdenum  which  activates  the 
subsequent  reaction  with  nitrogen.  The  molybdenum  nitride  Mo2N  can 
also  be  produced  by  heat  treating  of  ammonium  molybdate  in  a 
medium  of  ammonia  at  a  temperature  of  1100°C  for  1  h. 


Articles  of  molybdenum  nitride  Mo?N  are  prepared  by  reaction 

^  2 

sintering  -  by  treating  of  prepressed  (at  a  pressure  of  1.8  t/cm  ) 
intermediate  of  molybdenum  powder  with  nitrogen  at  a  temperature  of 
700°C  for  8  h  [232].  The  porosity  of  the  articles  produced  in  this 
manner  is  about  20%. 


Tungsten  nitrides.  The  tungsten-nitrogen  system  was  first 
investigated  by  Hagg  [347],  which  detected  the  presence  of  the  a- 
phase  -  practically  pure  tungsten,  and  the  8-phase,  which  has  a 
cubic  face-centered  lattice  and  corresponds  in  composition  to  the 
formula  W2N.  The  insolubility  of  nitrogen  in  tungsten  was  dis¬ 
covered  by  I.  I.  Zhukov  [338].  The  8-phase  is  analogous  to  the  y- 
phase  of  the  Mo-N  system.  Kiessling  and  Liu  [320]  discovered  the 
second  variant  of  the  W2N  phase,  which  will  be  formed  by  the 
nitridation  of  tungsten  at  a  temperature  of  825-875°C  and  called 
it  not  quite  fortunately  the  y-phase.  This  phase  has  a  dense, 
cubic  face-centered  lattice.  Apparently,  the  y-phase  is  identical 
to  8-phase.  Schonberg  [348]  discovered  the  WN  phase  (6-phase)  with 
a  content  of  about  56  at.  %  nitrogen  and  having  a  hexagonal  lattice. 
Kiessling  and  Liu  confirmed  the  existence  of  W2N,  however  the  cubic 
y-phase  WN  was  not  detected  by  them.  Kiessling  and  Peterson  [ 36 1 ] 
showed  that  the  y-phase  is  in  fact  hydroxy-nitride,  formed  by  the 
action  on  tungsten  of  ammonia,  containing  a  mixture  of  oxygen,  and 
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water  vapor.  The  authors  also  came  to  the  same  conclusion  [362], 

The  authors  [988]  detected  the  cubic  tungsten  nitride  with  the 
composition  (y'-W^N^)  with  a  lattice  constant  of  a  =4.122  A;  its 

structure  was  examined  in  detail.  However  it  is  possible  that  this 
phase  is  a  hydroxy-nitride,  since  oxygen  is  contained  in  it  (the 
composition  is  W^[Nq  ^Oq  05^4*  i*e'>  the  ratio  between  the  nitrogen 
and  oxygen  atoms  is  19:1). 

A  subsequent  investigation  of  the  phase  composition  of  the  W-N 
system  was  carried  out  by  the  electron  diffraction  method  by 
Z.  G,  Pinsker  with  his  colleagues  [350,  363-368],  They  produced 
the  0-phase  (V^N)  in  thin  films;  its  cubic  face-centered  structure 
was  confirmed.  According  to  [347],  the  lattice  constant  of  this 
phase  is  a  «  4.118  %  with  a  content  of  V18. 2  at.  %  which  is  the  lower 
boundary  of  the  region  of  homogeneity;  the  upper  boundary  corresponds 
to  a  stoichiometric  composition  of  W2N  (33.3  at.  JS).  In  the  lattice 
of  the  cubic  tungsten  nitride  (the  0-phase)  the  tungsten  atoms  do 
not  form  a  defect  face-centered  lattice,  but  the  nitrogen  atoms 
are  satistically  distributed  in  the  center  of  the  cube  and  on  the 
middle  of  the  cube  edges  [364,  366].  Subsequent  electron  diffraction 
investigations  [366-368]  established  the  existence  in  the  W-N  system 
of  large  series  of  hexagonal  and  rhombohedral  6-phases,  the  scheme 
of  the  distribution  of  which  on  a  phase  diagram  is  shown  in  Fig.  8?. 

A  peculiarity  of  the  structure  of  the  6-phases  (Table  71)  is  the 
formation  by  the  tungsten  atoms  of  one-,  two-  or  three-storied 
pockets,  which  form  a  hexagonal  or  rhombohedral  sequence.  The 
nitrogen  atoms  are  disposed  either  inside  the  pockets,  or  between 
them.  The  distances  between  the  tungsten  atoms  are  small,  and  the 
distances  between  the  tungsten  and  nitrogen  atoms  according  to  the 
magnitude  can  be  subdivided  into  two  types  which  Indicates  the 
difference  in  the  nature  of  the  forces  interacting  between  the 
component  atoms  [366].  A  typical  element  of  the  structure  of  one  of 
the  6-phases  is  shown  in  Fig.  84.  There  is  a  similarity  between 
the  structures  of  the  tungsten  6-nitrides  and  the  transition-metal 
borides  both  with  respect  to  atomic  arrangement,  and  also  in  terms 
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of  the  magnitude  of  the  interatomic  distances.  Thus,  the  nitrogen 
atoms  in  the  nitride  5^  form  slightly  corrugated  layers  similar 
to  those,  which  are  observed  in  borides  with  structures  of  the 
type.  This  similarity  is  of  great  interest  from  the  point  of  view 
of  the  peculiarities  of  the  electron  structure  of  boron  and  nitrogen 
atoms  and  its  variation  during  the  formation  of  the  corresponding 
phases.  For  the  nitrogen  atom  the  reorganization  of  the  configura¬ 
tion  of  valence  electrons  according  to  the  scheme  is  possible: 

O  7  ll  "5 

s  pJ  +  sp  -*■  spJ  +  p  with  the  liberation  of  one  weakly-bound  electron. 

For  the  boron  atom  according  to  energy  considerations  due  to  s-*-p- 

transition  transformation  of  the  configuration  of  the  s^p- valence 

p 

electrons  occurs  into  the  energetically  more  stable  sp  -configuration, 

which,  in  turn,  tends  toward  still  greater  energetic  stabilization 

7  2  ^ 

to  sp  according  to  schematic  diagrams:  2sp  +  spJ  +  2p.  Thus, 

the  transformations  of  the  configurations  of  valence  electrons  in 

both  cases  are  analogous  with  only  one  difference  which  in  the  case 

of  boron  a  large  number  of  readily-mobile  electrons  will  be  formed. 


Fig.  83.  Fig.  84. 

Fig.  83.  Phase  diagram  of  the  tungsten-nitrogen  system. 

Fig.  84.  An  element  of  the  structure  of  the  6-phase  of  the 
W-N  system. 
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Table  71.  Structural  characteristics  of  the  6- 
phases  of  the  W-N  system. 
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imate 

formula 
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•Hies  constant  X 

Inter atomio  dis¬ 
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.  3,09 

WIU-N 

2.91 

— 
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P6±t  runic— 

£.87 

11,00 

3.8! 

W.-N 

2,75 

n.o 

2.14 

~Dlh 

W-N 

$ 

^3 — Cj 

2,89 

10,8 

3,73 

2. 16 
W,-N 

1.67 

10,63 

2.16 

: 

V 

2,89 

5,67 

W-N 

2.915 

1.71 

9.0 

— • 

— 

3,03 

_ 

_ 

3,04 

_ 

.. 

W,.„N 

^3  m~&3d 

2,89 

23,35 

8,07 

Wt— N 

3,12 

13.6 

2,13 

wh-n 

..  _ 

..  -r 

2,12 

*H  -  hexagonal  lattice,  S  -  rhombohsdrol  lattice. 


Physical  and  chemical  properties.  The  properties  of  the  tungsten 
nitrides  are  given  in  Table  72.  The  highest  tungsten  nitride  WN  is 
a  brown-colored  powder,  WgN  is  black  colored.  At  600°C  WN  decomposes 
in  a  vacuum  with  the  formation  of  the  0-phase  according  to  the 
reaction:  2WN  *  W£N  +  1.2^.  The  decomposition  of  WN  occurs  much 
more  rapidly  than  MoN.  The  tungsten  nitrides  are  resistant  to  the 
action  of  nitric  and  dilute  sulfuric  acids  and  soda  solution  [369, 
370].  Hot  concentrated  sulfuric  acid  decomposes  nitrides  with  the 
formation  of  WO^  and  the  liberation  of  ammonia.  Aqua  regia  acts  in 
the  same  way.  Upon  fusion  with  NagCO^  sodium  tungstate  and  ammonia 
will  be  formed.  With  respect  to  heated  in  air  the  nitrides  are 
readily  oxidized  to  WO^.  The  nitride  WgN  does  not  manifest  super¬ 
conductivity  . 

Producl.ng  methods .  It  is.  very  difficult  to  produce  a  compound 
of  tungsten  with  nitrogen  by  treating  tungsten  with  ammonia,  and 
in  the  opinion  of  certain  researchers  [358,  371]  it  is  not  at  all 
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possible.  However,  Laffite  and  Grandadarm  [ 372 J  ascertained  that 
ammonia. re acts  with  tungsten  at  a  temperature  of  140°C,  but 
at  20G°C  the  alloy  again  decomposes  to  nitrogen  and  tungsten. 


Table.  72.  Properties  of  tungsten  nitrides. 


Ch&raoteristio 

JTjjN 

HN 

Nitrogen  content,  wt.  % 

3,67 

7.09 

Color 

Black 

Brown 

Crystal  structure 

Cubio  face- 
oentered 

Hexagonal 

Lattice  content, 

a 

4,118  (347}* 

2,893  {348}  - 

0 

2,826 

c/e 

Density,  g/cm^s 

— 

0,977 

oelouleted 

MO 

10,52 

pyo none trio 

12,2 

12,08—12,12  [348} 

Melting  point,  *C 

— 

Decomposes 

Dissociation  pressure  in  a  vacuus, 

at  600  °C 

mm  Hg 

344°C 

1  1741 
ur‘ 

_ 

236°C 

256°C 

io-J 

221°C 

Heat  of  formation —AW*«e, 

ur* 

17,2±3,0  {47} 

— 

kcal/mole 

Transition  point  co  superconductivity 

<1,28  [275,  304} 

— 

Refractive  index 

” 

S±0,6  |370J** 

*Vor  in*  cubic  V—  phrase  a  »  4.122-4.133  %, 
**It  la  transparent  in  thin  layers. 


At  low  temperatures  (from  20  to  80°C)  and  comparatively  high 
pressure  values  (from  10“^  to  300  mm)  the  adsorption  of  ammonia  by 
tungsten  powder  prevails,  where  the  adsorptive  layer  is  approx¬ 
imately  monomolecular.  At  high  temperatures  between  250  and  750° C 
the  formation  of  an  imide  occurs  first  (from  250  to  360°C),  and 
then  the  nitride  W2N. 

The  reaction  mechanism  of  tungsten  powder  with  ammonia  was 
studied  by  Matthias  and  Frankenberger  [37*0,  who  determined  that  at 
250-360° C  tungsten  imide  will  be  formed  as  an  intermediate  compound. 
HSgg.  [347]  by  acting  ammonia  with  tungsten  at  700-800°C  for  48  h 
managed  to  produce  products  with  a  content  of  only  1,67%  N.  How¬ 
ever  Schonberg  [348]  reports  about  preparing  tungsten  nitrides  with 
a  content  of  up  to  41.7  at.  %  N  by  treating  tungsten  powder  with 
dry  ammonia  for  several  hours  at  80Q°C. 
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According  to  the  data,  given  in  Gmelin’s  reference  book, 
tungsten  nitride  can  be  produced  by  the  action  of  nitrogen  on 
tungsten  even  at  normal  pressure,  at  550-600° C,  but  in  the  presence 
of  catalysts.  Without  catalysts  nitrogen  acts  weakly  on  tungsten 
practically  up  to  900° C.  The  nitride  will  be  formed  only  on  the 
active  sites  of  the  surface,  covering  about  20%  of  its  area  with 
a  monomolecular  layer.  Tungsten  nitride,  to  which  in  works  [332, 

373 J  was  ascribed  the  formula  WN^  with  13.25?  nitrogen,  will  be 
formed  at  very  high  temperatures  of  the  order  of  2500° C. 

Z.  G.  Pinsker  with  his  colleagues  for  an  electron  diffraction 
investigation  prepared  films  of  tungsten  nitrides  by  nitriding 
tungsten  films  (applied  by  vaporization  on  a  chip  of  rock  salt 
crystal)  with  the  help  of  dissociated  ammonia  with  a  rather  high 
rate  of  the  latter.  With  the  slow  passage  of  ammonia  incomplete 
nitridation  is  observed,  and  also  the  formation  of  disordered 
structures.  The  nitridation  temperature  in  these  works  was  700°C 
and  higher  [364]. 

An  investigation  of  the  nitridation  of  tungsten  powder  was  also 
conducted  in  [362].  It  was  shown  that  nitrides  will  be  formed  only 
by  using  very  fine  tungsten  powder  and  by  first  passing  hydrogen 
to  reduce  the  tungsten  with  subsequent  nitridation  in  a  stream  of 
ammonia.  The  nitrogen  content  rapidly  increases  at  temperatures  of 
from  350  to  470° C,  attaining  the  nitride  composition  WN.  At 
a  temperature  of  400°C  the  nitride  W^N  will  be  formed.  By  treating 
ammonium  tungstate  with  ammonia  the  nitride  WgN  will  be  formed  at 
560°C.  The  reduction  of  tungsten  anhydride  with  ammonia  eads  to 
the  formation  of  hydroxy-nitride . 

i inversely,  according  to  the  data  obtained  in  our  laboratory, 
by  T.  S.  Verkhoglyadova ,  the  reduction  of  WC^  with  ammonia  leads  to 
the  formation  at  300°C  of  the  nitride  W2N,  and  at  600°C  -  the 
nitride  WN;  400°C  mixtures  of  these  phases  will  be  formed.  The 
treating  of  tungsten  powder  with  ammonia  by  heating  to  500°C  and 
with  an  exposure  at  this  temperature  of  30-60  min  leads  to  the 
formation  of  the  W2N  phase  and  when  heated  to  1100° C  -  to  formation 
of  a  mixture  of  the  W2N  and  WN  phases. 
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5 .  Transition-Metal  Nitrides  of  Group  VII 

Manganese  nitrides.  The  first  works  on  producing  and  investigat 
ing  the  manganese  nicrides  were  conducted  by  Prelinger  [385]  and 
[338,  386].  The  Mn-N  system  was  first  roentgenographically  investi¬ 
gated  by  Hagg  [387] . 


The  solubility  of  nitrogen  in  a-Mn  is  a  total  of  0.156$;  the 
lattice  constant  with  this  increases  from  8.89^  to  8.897  kX.  The 
solubility  of  nitrogen  in  8-Mn  is  somewhat  higher;  the  lattice 
constant  (a)  is  increased  from  6.289  to  6.305  kX.  The  solubility  of 


nitrogen  in  liquid  manganese  at 
equation  [388] 


1  at.  is  expressed  by  the 


lg/C  =  lgCN<%)~ 


1.457. 


with  a  variation  here  in  the  free  energy  AF 


0 


-13,780  +  6.65  T. 


According  to  Hagg,  five  nitride  phases  exist  in  the  system.  The 
6-phase  contains  about  2$  N;  it  exists  only  at  high  temperatures; 
between  400  and  600°C  breaks  up  into  the  a-solid  solution  and  the 
e-phase . 

The  e-phase  at  low  temperatures  (up  to  500°C)  has,  according 
to  Hagg,  a  narrow  region  of  homogeneity  —  from  6  to  6.5$  N;  at 
high  temperatures  this  region  is  expanded  in  the  direction  of  alloys, 
poor  in  nitrogen  from  3-^  to  6.5$  N.  The  e-phase  can  be  examined 
as  MnjjN  (5-99$  N)  with  a  cubic  fa -e-centered  lattice  of  the  Mn 
atoms  and  an  ordered  arrangement  (it  is  analogous  to  the  y* -phase 

in  the  Fe  -  N(Fe^M)  system. 

The  e-phase  (Mn2N-Mn^N2)  has  a  region  of  homogeneity  of  9.2- 
-11.9$,  where  the  manganese  atoms  form  a  hexagonal  lattice  close 
packing,  and  the  nitrogen  atoms  are  distributed  statistically  in  the 
interstices  of  this  lattice.  With  an  increase  in  the  nitrogen 
content  within  the  region  of  homogeneity  a  growth  in  the  lattice 
constant  occurs. 
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The  n-phase  (Mn0N0),  containing  a  minimum  of  1 3 * 55S  N,  and  a 
maximum  of  14-15$  N,  has  a  tetragonal  face-centered  lattice.  The 
nitrogen  atoms  are  arranged  in  it  in  an  ordered  manner. 

In  a  subsequent  work  [389]  the  temperature  regions  of  the 
existence  of  the  phases  and  their  region  of  homogeneity  were 
definitized.  It  was  demonstrated  that  in  the  field  of  the  e-phase 
it  is  necessary  to  distinguish  a  region  of  a  new  phase  e',  lying 
between  9.8  and  15. 0  at.  %  N,  and  possessing  paramagnetic  properties 
With  respect  to  these  same  data  it  is  necessary  to  examine  the 
fi-phase  as  a  tetragonal  face-centered  phase  of  y-Mn  stabilized  by 
nitrogen,  and  the  e-phase  as  a  cubic  face-centered  phase  of  y-Mn 
stabilized  by  nitrogen.  A  schematic  phase  diagram  of  the  manganese- 
nitrogen  system  is  shown  in  Fig.  85,  plotted  by  Hagg,  with  the 
introduction  in  it  of  more  precise  refinements  according  to  work 
[389].  Researchers  [390]  confirmed  the  existence  of  the  Mn^N 
(the  e-phase),  Mn^N,,  (the  £-phase),  Mn^N2  (the  n-phase)  phases.  A 
new  phase  Mn^N,-  (the -ft- phase)  was  detected,  which  is  the  richest  in 
nitrogen  and  which  crystallizes  into  a  tetragonal  face-centered 
lattice,  i.e.,  the  same  as  Mn^N2,  differing  from  the  latter  by  a 
disorderly  atomic  arrangement  in  the  lattice.  The  G* phase  is  stable 
up  to  a  temperature  of  580°C  inclusively.  The  arrangement  of  the 
phases  on  a  Mn-N  diagram  can  be  represented  by  the  diagram  of 
Fig.  85a.  Certain  data  about  alloys  of  the  Mn-N  system  are  also 
given  in  works  [391,  392]. 

Physical  and  chemical  properties.  The  properties  of  manganese 
have  been  little  investigated;  the  available  data  are  given  ir. 

Table  73. 

Most  completely  studied  are  the  magnetic  properties  of  the 
manganese  nitrides  [389 }  392,  393].  It  has  been  shown  that  the  e- 
phase  (Mn^N)  is  a  ferromagnetic  material  [393],  and  the  ef-phase  is 
nonferromagnetic.  Also  established  is  the  paramagnetism  of  the 
£-phase  •  (Mn^N2~Ma2N) .  With  a  variation  in  the  nitrogen  content  in 
MnjjN,  i.e.,  with  an  increase  In  the  number  of  defects  in  the  nitrogen 
sublattice,  a  decrease  in  magnetic  saturation,  magnetic  moment  and  a 
growth  in  the  Curie  point  occur  (Table  74). 
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faoe-  sectored  pocked  oentered  centered  ' 

oerv* 
tered 


3,704  3,800  1669]  3,800  [369]  2,773-2,625  4,20  (367|  4,214  A 

(309)  1387]  (390] 

3,729  -  -  4,520-4,528  .4,03  4,148  1 

0.99  -  -  1,630-1,601  0,97  0.984 

-  6,70  -  0, 2-0,0  0,0  - 


30.3±0,4 

(394] 


465-513 

1369] 

411,4—0,2 

1334] 

1,2  (140] 


40,2±O,6  45,8 

| 394]  (112) 


45,9  (47)  35,8  1112] 


475  (369) 

504,0-0,4 

(394) 

3,94  (140] 
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Table  7**.  Magnetic  properties 
of  the  defective  (with  respect 
to  nitrogen)  phase  Mn^N  [3933* 


i 

li 

2S 
♦*  c 

2  ° 

■s  0 

Value  of  X  in 
formula 

defects) 

Lattice 
constant,  kX 

* 

C 

& 

0 

•H 

£ 

3  & 

0  0 

Magnetic 
saturation  «*, 

0 

Is 

5  O 

0  +» 
e  ® 

of 

4>  E 
®  . 

aj  O 
£  it* 

15.23 

0,2819 

3,810 

505 

2.45 

0,101 

16,20 

0,2266 

3,820 

513 

6,58 

0,272 

17,40 

0,1568 

3,830 

510 

13,50 

0,560 

18,61 

0,‘I500 

3,834 

509 

14,26 

0,592 

19,23 

0,0852 

3,844 

500 

19,95 

0,828 

19,87 

0,0099 

3,856 

494 

24,73 

1,032 

20,00* 

0,0000 

3,860 

.483 

28,55 

1,192 

*  Extrtpo  lat*d  values 


In  work  [392]  it  is  noted  that  the  magnetic  properties  of 
manganese  nitrides  depend  only  on  the  composition,  and  not  on  the 
peculiarities  of  the  production  conditions. 

Manganese  nitrides  in  a  chemical  regard  are  not  stable,  when 
heated  they  readily  give  off  nitrogen.  Upon  heating  the  nitrides 
Mn2N  and  Mn^N2  with  hydrogen  ammonia  will  be  formed.  Ammonia  is 
also  liberated  by  the  interaction  of  Mn^Ng  with  aqueous  solutions  of 
NH^OH  [6]. 

* 

Production  methods.  Alloys  of  manganese  with  nitrogen  are 
readily  produced  by  the  direct  nitridation  of  manganese  with  nitrogen 
or  ammonia  at  a  temperature  of  800-1200°C  [332,  338,  386,  390,  392, 
3953  or  by  nitriding  in  a  stream  of  ammonia  of  the  manganese  amalgam, 
formed  on  a  mercury-pool  cathode  by  the  electrolysis  of  MnCl2;  with 
the  heating  to  incandescence  of  the  amalgam  in  a  medium  of  dry 
nitrogen  the  nitride  Mn^Ng  is  obtained  [6,385]. 

The  authors  [390]  also  prepared  manganese  nitrides  by  treating 
the  amalgam  Mn2Hg^  (which  was  produced  by  the  electrolysis  of 
manganese  on  a  mercury -pool  cathode)  with  ammonia,  nitrogen  and 
mixtures  of  airmen i  a  uud  hydrogen.  The  optimum  conditions  of  this 
process  are'  given  in  Table  75.' 
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Table  75.  Optimum  conditions  for 
production  of  manganese  nitrides  by 
nitriding  amalgam.  _ _ 


Phase 

Composition  of  tha 
;asaous  medium,  vol.  *£■ 

Tam¬ 
pa  ra- 
tura, 

°C 

■ 

Time,  h 

M«3 

«2 

h2 

*  (Mn.N) 

;  (MrijN,— Mn,N) 
tj  (Mn^O 

6  (MnX) 

0 

0-2 

30-50 

100 

100 

0-100 

0 

0 

0 

90-0 

50-70 

0 

400 

400-500 

400 

400-550 

10 

10-15 

3—5 

1-3 

Technetium  nitrides.  In  work  [384]  technetium  nitride  was 
produced  by  heating  NH^TcO^  in  a  stream  of  ammonia  at  a  temperature 
of  700-1100°C.  At  900-1100°C  a  new  phase  was  detected,  having  a 

O 

cubic  face-centered  lattice  with  a  constant  of  a  =  3,980-3,985  A. 

The  maximum  nitrogen  content  corresponds  to  the  composition  TcN^  . 
The  nitride  of  saturated  composition  corresponds  to  the  formula  TcN. 

Rhenium  nitrides.  In  a  broad  range  of  temperatures  up  to  2200°C 
it  has  not  been  possible  to  detect  the  interaction  of  rhenium  with 
nitrogen  [375,  376].  The  formation  of  rhenium  nitrides  upon  the 
thermal  decomposition  trivalent  rhenium  chlorammine  at  350°C  has 
also  not  been  detected  [377].  It  was  assumed  that  the  formation  of 
rhenium  nitrides  was  possible  by  interacting  rhenium  oxide  with 
ammonia  [378].  Rhenium  nitrides  were  first  obtained  by  researchers 
[382],  which  first  tried  to  produce  nitrides  by  acting  ammonia  with 
rhenium  at  200-1000°C  which  did  not  give  the  proper  results,  and 
then  they  prepared  them  by  heating  NH^ReO^  st  270-450°  or  ReCl^  at 
350-390°C  in  a  stream  of  ammonia.  The  products  formed  by  this  had 
a  composition  between  Re^N  (3*63/5  N)  and  Re^N  (2.45$  N) .  Rhenium 
nitride  (ReNQ  ^ )  was  prepared  in  an  analogous  manner  [380]. 

Authors  [381]  produced  rhenium  nitride  by  treating  ammonium  perrhenate 
with  ammonia  or  nitrogen  at  300-350°C  for  20-25  h. 


According  to  C 3 8 3 '1  >  the  heating  of  rhenium  powder  in  a  stream 
of  nitrogen  at  temperatures  of  300-900°C  for  4  h  does  not  lead  to 
the  formation  of  rhenium  nitrides.  Whereas  the  interaction  of 
rhenium  with  ammonia  even  at  250°C  will  form  products,  the  nitrogen 
content  in  which  increases  with  the  increase  in  temperature,  attaining 
upon  a  one-hour  exposure  at  600°C  a  value  of  3.5/S  which  corresponds 
the  approximate  composition  of  the  nitride  RegN.  At  practically  all 
temperatures  of  the  nitridation  of  rhenium  powder  of  the  nitrogen 
content  is  the  greatest  at  the  shortest  exposures  and  drops  with  the 
increase  in  the  nitridation  time  which  is  explained  by  the  formation 
at  short  exposures  of  metastable  products,  which  gradually  convert 
to  the  form  of  stable  nitrides. 

Analogous  results  were  obtained  by  investigating  the  interaction 
of  ammonium  perrhenate  with  ammonia;  the  formation  of  nitrides  was 
observed  at  a  temperature  of  300°C. 

Thus,  it  is  possible  to  consider  as  established  the  presence 
in  the  rhenium-nitrogen  system  of  two  nitride  phases  -  Re^N  and  Re,,N. 

Physical  and  chemical  properties.  Rhenium  nitrides  are  black- 
colored  powders,  in  external  appearance  not  differing  from  the 
rhenium  powder,  obtained  by  reducing  of  the  perrhenate  with  hydrogen. 
In  a  chemical  regard  the  behavior  of  rhenium  r.  .trides  is  analogous 
to  the  behavior  of  rhenium,  but  the  nitride  preparations  are  somewhat 
more  inert .  After  a  prolonged  stay  in  humid  air  rhenium  nitrides 
are  oxidized  to  HReO^.  Water  does  not  act  on  tie  nitrides.  They 
readily  dissolve  in  dilute  HNO^  and  especially  . Igorously  —  in 
concentrated  HNO^.  Heated  concentrated  slowly  dissolves 

rhenium  nitrides;  HP  and  HC1  do  not  act  on  them.  With  respect  to 
oxygen  and  chlorine  rhenium  nitrides  behave  like  metallic  rhenium; 
in  aqueous  alkaline  solutions  they  dissolve  only  in  the  presence  of 
oxygen  with  the  formation  of  perrhenates.  They  are  not  heat-resistant 
when  heated  slowly  in  a  vacuum  decomposition  starts  even  at  280°C. 

The  nitride  ReNg  ^  ('vRejN)  has  a  cubi°  face-centered  lattice  with 

a  =  3.92  +  0.002  A  [382,  383].  The  region  of  homogeneity  of  this 


> 


275 


phase  is  not  less  than  2%  nitrogen.  The  heat  of  formation  is  fx-om 


-1  to  -2  kcal/mole.  It  was  determined  that  the  nitride  ReNQ  ^ 
(^Re^N)  is  a  superconductor  with  a  transition  point  of  between  4  and 


5°K  [380]. 


Metal  Nitrides  of  the  Iron  Family 


Iron  nitrides.  The  phase  diagram  of  the  iron-nitrogen  system 
is  shown  in  Fig.  86  [29,  396].  The  solubility  of  nitrogen  in 
a-iron  at  the  eutectoid  temperature  is  ^0.10/S;8  with  a  reduction 
in  temperature  to  200°C  the  solubility  decreases  to  ^0.004$.  The 
lattice  of  a-iron  upon  the  dissolution  in  it  of  nitrogen  is 
Insignificantly  expanded.  The  maximum  solubility  of  nitrogen  in 
y-iron  at  a  temperature  of  600°C  is  2.8%.  At  585-590°C  the  y-phase 
undergoes  eutectoid  disintegration  (y  -*■  y’  +  a)  with  the  formation 
of  the  y' -phase. 


Fig.  86.  Phase  diagram 
of  the  iron-nitrogen 
system. 


The  y* -phase  (Fe^N)  has,  as  does  the  y-phase,  a  face-centered 
cubic  lattice  with  narrow  limits  of  homogeneity  of  from  5.7  to  6.1 
wt.  %  N ;  the  space  group  is  0|[ . 
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The  region  of  homogeneity  of  the  y* -phase  at  a  temperature  of 
^00°C  is  5. 64-6.1455  N;  at  500°C  -  5.60-6.0155  N;  at  600°C  -  5 . 51- 
5.90%  N;  at  680°C  -  5 .70-5 - 81%  N  [9*10]. 

The  e-phase,  containing  from  5.7  to  11.0  wt.  %  N,  has  a 
hexoagonal  close-packed  lattice  with  an  ordered  atomic  arrangement 
of  nitrogen.  At  650°C  it  undergoes  eutectoid  disintegration  to  the 
y-  and  y* -phases. 

The  6~phase  (Fe2N)  possesses  a  rhombic  structure  [387,  398]  with 
an  ordered  atomic  arrangement  of  nitrogen  and  a  narrow  region  of 
homogeneity  of  from  11.0  to  11.35  wt.  %  N.  The  stoichiometric 
composition  of  the  £-phase  corresponds  to  11.1455  N. 

It  has  been  established  that  the  e-phase  which  was  previously 

considered  single-phase  is  a  row  of  nitride  phases  with  a  compact 

hexagonal  lattice  of  iron  atoms  and  with  a  different  atomic 

arrangement  of  nitrogen  in  the  octahedral  spaclngs  [396-398].  The 

electron  diffraction  investigations  of  thin  films  of  iron  nitridation 

with  ammonia  on  a  chip  of  a  rock  salt  crystal  confirmed  these 

assumptions  [397,  947].  The  presence  of  four  hexagonal  e-phases  has 

been  established,  one  of  which  corresponds'  to  the  composition  Fe^N 

and  three-to  Fe2N.  The  structures  of  the  e-phases  can  be  described, 

if  it  is  assumed  that  the  basis  is  a  compact  hexagonal  lattice 

constructed  from  the  iron  atoms  with  the  constants  am  and  c  [146]. 

m  m 

The  nitride  Fe^N  has  a  hexagonal  lattice  with  the  constants 

a==am  V3==2,76  y5*  and  c—cm—4, 42  A.  In  the  unit  cell  there  6  iron  atoms 
and  2  nitrogen  atoms;  the  space  group  is  D^.  Fig*  87  a 
projection  of  the  crystal  lattice  of  the  nitride  Fe^N  is  given  for 
plane  (001).  Within  the  limits  of  the  cell  the  iron  atoms  are 
arranged  in  the  projection  plane  and  in  the  plane,  passing  at  half 
of  the  height.  One  of  the  nitrogen  atoms  (1)  lies  in  the  plane, 
passing  at  1/4  the  height  of  the  cell,  the  other  (2)  at  3/4  the 
height  of  the  cell. 
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Pig.  6?.  Projection  of  the  crys¬ 
tal  lattice  of  the  nitride  Fe.^N 

0 

for  plane  (001),  (a)  and  the  unit 
cell  Fe^N-e  (b) . 

(*)  *  u*  •"  (b~j 

The  structure  of  the  Fe^N  phase  (the  e’-phase)  differs  from  the 
structure  of  the  Fe^N  phase  only  by  the  fact  that  in  one  of  the 
planes  (either  at  1/4,  or  at  3/4  of  the  height  of  the  cell)  instead 
of  one  atom  there  are  two  nitrogen  atoms. 

Besides  the  nitride  Fe^N  with  a  large  unit  cell  the  presence  of 

two  nitrides  of  the  same  composition  with  a  small  cell  has  been 

established  (<j=a„  and  c=cm)  [397]  .  One  of  them  (the  e^-phase)  has 

an  ordered  arrangement  of  nitrogen  atoms,  corresponding  to  a  layer 

of  the  CdJg  lattice;  the  space  group  is  (Fig.  87a);  in  the 

second  (the  e,,, -phase)  the  nitrogen  atoms  are  arranged  in 

statistical  disorder  in  the  octahedral  vacancies;  the  space  group 
I; 

is  Dgh;  it  is  of  the  NiAs  type.  The  degree  of  stability  of  the 
e-phases  has  still  not  been  established,  it  is  possible  that  some  of 
them  are  metastable  compounds,  formed  as  transition  steps  in  the 
rearrangement  of  the  nitrogen  atoms . 

Pinsker  investigated  by  electron  diffraction  the  cubic  nitride 
Fe^N  [399,  400]  and  the  degree  of  order  in  the  iron  nitride  phases 
[401]. 

Physical  properties.  Iron  nitrides,  especially  Fe^N,  noticeably 
dissociate  at  a  temperature  of  500°C  [402];  the  process  of  dissocia¬ 
tion  terminates  at  1270-1527°C  [403,  404],  The  dissociation 
pressure  of  Fe^N  depending  upon  the  temperature  was  studied  in  [405], 
and  the  kinetics  of  the  elimination  of  nitrogen  from  the  iron  nitrides 
-  in  [406].  It  was  demonstrated  that  the  activation  energy  upon 
the  elimination  of  nitrogen  from  the  y'-pbase  is  42,100  +  1400 
kcal/mole  at  350-500°C.  The  rate  of  elimination  of  nitrogen  atoms  is 


expressed  by  an  exponential  dependence  on  temperature.  The 
approximate  calculation  shows  that  about  1.8‘IQ”-3  nitrogen  atoms  per 
100  iron  atoms  are  eliminated  per  second.  Upon  the  isothermal 
decomposition  of  Fe2N  in  a  vacuum  nitrogen  is  given  off  irreversibly, 
converting  to  Fe^N  and  Fe^N  (this  transition  begins  at  330°C)  C h 0 7 J . 

The  nitride  Fe^N  with  hardening  does  not  change,  the  e-phase 
with  a  content  above  7 .5%  N  hardens  without  variations,  and  with  a 
nitrogen  content  below  7-5%  is  unstable. 

The  nitride  Fe^N  possesses  strong  magnetic  properties  (the 
average  magnetic  moment  per  molecule  is  8.88).  It  is  assumed  that 
the  iron  in  the  nitride  is  not  in  ionic  form,  but  in  the  form  of 
"neutral  atoms,"  joined  by  covalent  bonds  [408],  This  assumption 
makes  it  possible  to  explain  the  nature  of  the  magnetic  properties 
of  the  nitride.  Similar  views  were  developed  by  Hume-Rothery , 
which  considers  that  the  introduction  of  nitrogen  into  the  iron 
leads  to  the  acceptance  of  a  part  of  the  iron  electrons  by  the 
nitrogen  atoms  and  the  liberation  of  the  corresponding  3d-states  for 
the  bond  [409].  In  this  case  an  hexagonal  close-packed  structure 
of  the  alloys  of  iron  with  nitrogen  appears . 

The  introduction  of  nitrogen  into  the  iron  causes  a  deceleration 
in  the  movement  of  the  dislocations  [410],  The  hardness  of  the  iron 
nitrides  Hv  fluctuates  within  a  broad  range  from  224  to  687  kg/nmT 
[413],  The  greatest  hardness,  apparently,  is  possessed  by  the 
t-phase  on  the  boundary  with  the  e  +  y*  ~  field  of  the  diagram.  The 
physical  properties  of  the  Iron  nitrides  were  studied  in  [411-415]. 

In  work  [985]  an  X-ray  spectral  investigation  of  the  phases  Fe^N 
and  Fe2N  was  conducted. 

The  physical  properties  of  the  iron  nitrides  are  give  in  Table 
76. 
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Table  76.  Properties  of  iron  nitrides 

• 

1 

Characteristic 

1 

V-Phase 

<FW*.  »*.  e\  *» - 
F«.N) 

t-  Phase  (f'e.W 

nitrogen  content,  wt.  95 

’  5,7- 4 

5,7-51,0 

11,0-11,35 

Crystal  structure 

Cubio  face- 

Hexagonal  olose- 

Rhombic 

0 

oer.tored 

packed 

Lattloe, cons  cant  A* 

a 

3,791-3,801  |3%J* 

2,660-2,764  [398]~ 

2,764  J398]»** 

# 

_ 

— 

4.829 

c 

4,343-4,420 

4,425 

elc 

— 

1,683-1,599 

— 

Density,  s/^ 

7,08 

oalouleted 

7,21 

— 

pycnometrio 

6,57 

— 

6,35 

Heat  of  formation. 

•2,6±2  (112,  47] 

**- 

.  0,9±2[47| 

kcal/mole 

Effcotlve  magnetio 
■■moment  par  1  atom  of 

2,22  [45! 1 

iron,  Bohr  magnetons 
Curie  point,  °K 

761  [452] 

• 

546  [453] 

- 

0 


»•  In  work  1399]  somewhat  greater  constant  values  are  oited  (3.81-3.97  A.), 
in  work  1940]  a  •  3.797  A« 

••  tooording  to  (940],  at  10.99#  N  for  the  e-  phase  a0  •  4,787,  oQ  ■ 

■  4.418  A. 

According  to  1940],  for  the  t- phase  at  11.0795  N  &0  «  5.525,  b0  a  4.827, 

0q  f  4.428 .A  . 

Chemical  properties.  The  nitride  Fe2N  dissolves  in  dilute 
HC1 ;  it  Is  decomposed  by  chlorine  and  bromine,  but  does  not  give 
way  to  the  action  of  iodine.  The  nitrides  are  decomposed  by  water 
[112].  With  the  action  of  carbon  on  iron  nitride  Fe^  will  be 
formed  at  400°C  [454]. 

Production  Methods .  Nitrogen  acts  on  iron  extremely  slowly, 
therefore  the  nitrides  are  usually  produced  by  treating  iron  powder 
with  ammonia.  'Thus,  Fe2N  will  be  formed  by  the  action  of  ammonia  on 
powdered  carbonyl  iron  at  a  temperature  of  600-700°C.  Researchers 
[63]  to  produce  Fe2N  by  treating  iron  with  ammonia  used  a  lower 
temperature  -  350°C,  in  [398]  -  450°C.  Iron  nitrides  are  also 
produced  by  the  action  of  ammonia  on  thin  films  of  vaporized  on  iron 
at  250-600°C  [391].  The  processes  of  the  reaction  diffusion  of 
nitrogen  in  iron  with  the  formation  of  nitrides  were  studied  in  [4l4, 
415].  The  peculiarities  of  the  behavior  of  alloys  of  the  iron- 
nitrogen  system  at  high  pressures  were  examined  in  [ 4 16 ] . 

In  selecting  the  optimum  conditions  for  producing  iron  nitrides 

it  is  necessary  to  consider  the  proximity  of  the  temperatures  of 

the  occurrence  of  two  processes  —  the  formation  of  nitrides  (2xFe  + 

+  2NH-  +  2Fe  N  +  3H.)  and  their  dissociation  (2Fe  N  2xFe  +  Np) 
3x2  *  c- 

[414]. 
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The  lowest  iron  nitrides  will  be  formed  upon  heating  the 
fugues  u  njLui'xdco  in  a  vacuu 
440-600°C,  converts  to  Fe^N 


ovorrml  a. 

*  V*  V  AMrtttJ^AV  J 


Pa  M  wVion  Vipatprt  t".n 
2 . . . 


The  authors  [274]  produced  the  iron  nitride  Fe2N  by  thermal 
decomposition  (NH^J^FeFg  in  a  stream  of  ammonia  at  a  temperature  of 
6 00°C. 

In  connection  with  the  high  properties  of  nitridation  layers 
on  iron,  steels  and  cast  iron,  and  also  with  the  role  of  nitrogen 
in  steels  in  numerous  works  questions  of  the  nitridation  of  iron 
and  its  alloys  were  investigated  both  from  the  scientific,  and  also 
from  the  industrial  aspect  [402,  44?]. 

Cobalt  nitrides.  The  solubility  of  nitrogen  in  a-cobalt  at 
a  temperature  of  600°C  is  about  0.6  wt.  %.  In  the  cobalt-nitrogen 
system  the  existence  of  two  nitrides  was  detected  -  Co^N  and  Co2N 
[29,  455,  458].  The  region  of  homogeneity  of  the  nitride  Co^N  lies 
within  the  limits  of  from  7.7  to  8.0  wt.  %  N.  The  Co^N  has  a 
hexagonal  lattice.  The  nitride  Co2N  is  isomorphic  to  Co2C  [456]; 
it  has  rhombic  distorted  hexagonal  packing  of  the  metallic  atoms. 

The  arrangement  of  the  interstitial  atoms  of  nitrogen  for  Co2N  is 
the  same  as  for  Fe2N. 

Physical  and  chemical  properties.  Both  nitrides  have  a  color 
from  gray  to  black;  they  yield  poorly  to  the  action  of  weak  acids 
in  the  cold;  concentrated  dissolves  them  slowly;  in  concentrated 

hydrochloric  and  nitric  they  dissolve  rapidly.  When  heated  both 
nitrides  dissolve  rapidly  in  dilute  mineral  acids .  The  physical 
properties  of  cobalt  nitrides  are  presented  in  Table  77 . 


Table  77,  Properties  of  cobalt 
nitrides . 


Characteristic 

Co,N 

Co,N 

Nitrogen  oontent,  wt.  $ 

7,34 

10,71' 

Crystal  struoture 

Hexagonal 

Rhombio 

Lattioe  oonstant,  8s 

■  a 

2.658  [455] 

2,842  [455] 

— 

4,627 

c 

da 

4.531 

«.71 

4,330  . 

Density,  g/om3 

7.1  . 

6,3 

Heat  of  formation, 
koal/mole 

~-2  [460] 
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Production  methods.  Nitrogen  acts  slowly  on  cobalt,  therefore 
nltridation  is  carried  out  with  ammonia  with  the  formation  at  a 
temperature  of  250-300°C  of  the  nitride  Co^N,  and  at  380-500°C  -  of 
Co2N.  Cobalt  nitrides  are  also  produced  by  the  heating  at  2000°C 
cobalt  cyanamide  Co(CN)2  and  its  mixture  with  cobalt  oxide  in  a 
nitrogen  medium  [6],  In  work  [457]  cobalt  nitrides  were  produced 
by  the  thermal  decomposition  in  a  vacuum  of  cobalt  amide  CoCNH^^ 
with  the  liberation  with  this  of  ammonia.  Depending  upon  the 
temperature  of  decomposition  either  nitrides  at  50-70°C  or  slightly 
concentrated  solid  solutions  of  nitrogen  in  cobalt  will  be  formed 
at  220-250°C. 

Upon  treating  the  oxide  Co^O^  with  ammonia  at  330-390°C  for 
2-3  h  the  formation  not  of  nitrides,  but  of  cobalt  hydroxy-nitrides 
occurs  [455]. 

Cobalt  nitrides  can  be  produced  by  nitriding  CoF2  at  36o°C. 

The  Co^N  is  usually  formed  by  the  thermal  decomposition  of  Co2N  at 

276°C  [455]. 

Nickel  nitrides.  According  to  [459],  the  solubility  of  nitrogen 
in  nickel  does  not  exceed  0.32?  (with  the  simultaneous  dissolution 
of  0.17?  hydrogen,  liberated  upon  nitriding  with  ammonia).9 
According  to  more  reliable  data  [458]  at  450°C  only  0.07?  N  is 
dissolved  in  nickel.  The  X-ray  diffraction  analysis  revealed  the 
existence  in  the  nickel-nitrogen  system  of  only  one  nickel  nitride  - 
Ni^N,  having  an  hexagonal  lattice  of  metallic  atoms  with  the 
arrangement  in  the  interstices  of  nitrogen  atoms.  The  nitride  Ni^N 
decomposes  above  360°C;  at  440°C  the  process  of  decomposition  occurs 
very  rapidly  [458]. 

Physical  and  chemical  properties.  Nickel  nitride  Ni^N  is  a 
dark-gray-colored  substance.  The  lattice  constants  of  Ni^N  (7.37 
wt.  ?  N)  are  a  =  2.670,  c  =  4.307  A,  c/a  =  1.613  [458];  the  specific 
gravity  is  7.66  g/cm  ;  the  heat  of  formation  of  nickel  nitride  Ni^N 
from  the  elements  —  0.2  +  0.1  kcal/mole  [ 460 ] .  The  nitride  Ni^N  is 
stable  in  sodium  hydroxide;  itis  slowly  decomposed  by  2N  hydrochloric. 
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sulfuric  and  phosphoric  acid3  in  the  cold;  concentrated  does 

not  decompose  it,  concentrated  HC1  and  HNO^  in  the  cold  decompose  it 
violently.  When  heated  it  interacts  energetically  (in  the  cold)  and 
exposively  (with  heat.  *ig)  with  concentrated  and  dilute  mineral  acids; 
sulfuric  acid  acts  on  it  more  slowly  and  more  tranquilly  than  the 
others.  When  dissolved  in  dilute  acids  not  containing  oxygen  hydrogen 
is  liberated  which  is  connected  with  the  transition  of  nickel  to  the 
bivalent  state.  Concentrated  HgSO^  when  heated  is  reduced  by  the 
nitride  to  S02,  and  dilute  -  to  H2S  [458].  In  air  the  nitride  at  a 
temperature  of  800°C  burns  to  NiO. 

Production  methods.  Nitrogen  in  a  broad  temperature  range,  at 
least  up  to  900-l400°C,  does  not  act  on  nickel,  therefore  the 
preparation  of  nickel  nitrides  is  accomplished  by  heating  powdered 
nickel  in  an  ammonia  medium  at  a  temperature  of  440-450°C,  or  by 
heating  complex  halides  —  NiF2*2NH^F  in  a  stream  of  ammonia  at 
390-4l0°C.  Nickel  nitrides  are  also  obtained  by  heating  NiBr2  in  a 
stream  of  ammonia,  from  which  by  the  action  of  ammonia  there  will 
first  be  formed  an  ammoniate,  which  at  450°C  decomposes  with  the 
production  of  Ni^N  [458].  In  work  [46l]  the  interaction  of  fine 
nickel  powder  (obtained  by  the  reduction  of  oxalate  at  600°C)  with 
ammonia  was  in  detail  investigated.  The  dependence  of  the  nitrogen 
content  in  the  nickel  on  the  rate  of  the  stream  of  ammonia  was 
shown;  the  intense  catalytical  action  of  the  addition  of  155  Fe  to 
the  process  of  nitriding  nickel  was  detected.  The  optimum  reaction 

temperature  was  300°C,  the  rate  of  the  stream  of  ammonia  was  40 
mZ/min;  the  reaction  time  was  10-20  h;  the  obtained  product  contains 
7.3-7.455  N. 

It  is  also  possible  to  prepare  Ni^N  by  heating  Ni(CN)2  in  a 
nitrogen  medium  at  a  temperature  of  2000°C  [6]. 

In  work  [462]  the  method  of  producing  alloys  of  nickel  and 
cobalt  nitrides  is  described  and  data  on  the  magnetic  properties  and 
the  hardenss  of  these  alloys  are  given. 
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7.  Platinoid  Nitrides 


There  is  practically  no  information  about  compounds  of  platinoids 
with  nitrogen  [463.,  464,  6,  29],  It  is  only  known  that  in  an 
investigation  of  the  interaction  of  palladium  with  nitrogen,  no 
dissolution  of  nitrogen  in  Pd  was  detected  up  to  1400°C  [29]. 

However  in  a  vacuum  analysis  of  certain  platinoids  insignificant 
admixtures  of  nitrogen  (in  Rh  -  0.0003?;  in  Ru  -  from  <0.002  to 
0.0118?  [465].  In  the  survey  [156]  it  is  indicated  that  a  small 
quantity  of  palladium  nitride  will  be  formed  in  the  arc  between 
palladium  electrodes  in  a  nitrogen  medium. 

8.  Actinide  Nitrides 

Thorium  nitrides .  Previously  it  was  considered  [121,  483, 

493],  that  thorium  forms  one  nitride  Th,N^,  existing  in  two 
variants,  differing  in  structure,  properties  and  color  (one  is 
yellow,  the  other  is  brown  in  color).  It  was  assumed  that  the  brown 
nitride  was  an  individual  compound  of  the  composition  Th^N^  [493], 

At  the  present  time  it  has  been  clearly  established  that 
thorium  forms  three  nitrides  -  ThN,  ThgN^  and  Th^N^  [43,  495-497]. 

The  solubility  of  nitrogen  In  thorium,  according  to  [498], 
increases  from  0.05  wt.  ?  N'(0.8  at.  %  N)  at  845°C  up  to  O.35  wt.  ? 

N  (5.2  at.  ?  N)  at  1490° C.  In  this  range  solubility  can  be 
represented  by  the  equation 

JgC=~ -4-0.9115. 

where  C  is  the  nitrogen  concentration,  wt.  ?. 

The  temperature  dependences  of  the  reaction  of  nitridation 
and  of  the  coefficient  of  diffusion  have  been  established 

k  =■  5,9 *exp( —  24300//?T)  [mZ/cm2*s], 

Z)=2,l  •10~,-exp( —  22500//?7')  [cm2/s]. 
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The  nitride  ThN  has  a  cubic  lattice  of  the  NaCl  uype,  and  Th,,^  - 

U*..*..M**I  1  .i.4.4  .. 

liCAa^unai  xaui/iuc. 


Physical  and  chemical  properties.  The  thorium  nitride  ThN  has 
a  high  melting  point;  it  is  stable  at  high  temperatures  in  a  vacuum. 
The  thorium  nitride  Th^N^  is  unstable  in  a  vacuum  at  1500°;  in 
a  nitrogen  medium  it  is  stable  at  1730°C.  The  Th^N^  decomposes  in 
a  vacuum,  forming  ThN  [496]. 

Properties  of  the  Th?N^  phase  have  been  little  studied  [996];  its 
crystal  structure  has  been  basically  investigated  [1022].  According 
to  these  data,  Th^N^  has  a  rhombohedral  lattice  with  a  =  9*393  ft, 
a  -  23-78°  (the  constants  of  the  respective  hexagonal  lattice  are: 
a  =  3.671,  c  =  27.385  A);  the  calculated  density  is  10.55  g/cm^. 

The  ThN  is  yellow-colored;  it  is  stable  with  respect  to  acids. 
Brown  Th^N^  is  readily  hydrolyzed  by  water  or  atmospheric  moisture 
[493,  623].  Both  nitrides  at  room  temperature  react  slowly  with 
oxygen,  forming  ThC>2  [497]*  The  properties  of  the  thorium  nitrides 
are  given  in  Table  78. 

Production  methods.  The  thorium  nitrides  are  usually  obtained 
by  treating  throium  with  ammonia  or  by  the  action  of  ammonia  on 
thorium  hydride  [493].  In  the  latter  case  at  a  temperature  of  1000°C 
ThjN^  will  be  formed.  The  thorium  nitrides  will  be  formed  by  the 
direct  nitridation  of  the  metal  with  dry,  purified  nitrogen  at 
800°C  for  3  h  [24]. 

Thorium  nitride  can  be  produced  by  the  accumulation  method  from 
the  gaseous  phase,  for  example  on  a  tungsten  filament,  heated  to 
1000°C  in  a  mixture  of  ThCl^  with  Np  +  H2  [24]. 

Information  exists  about  the  possibility  of  forming  of  thorium 
nitrides  by  interacting  thorium  carbide  with  ammonia  and  ammonia  with 
thorium  chloride,  and  also  by  the  thermal  decomposition  of  the 
thorium  amides  Th(NH2)^  and  Th(NH)2  [493]. 
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Table  78.  Properties  of  thorium  nitrides. 


- , 

Characteristic 

ThN 

Th2N3 

Nitrogen  content,  wt.  % 

- 

5.69 

8.30 

Crystal  structure 

Cubic  face-centered 

Hexagonal  La„0_ 

O 

Lattice  constants,  A: 

NaCl  type 

type  5 

a 

5.20  [1*9*0  -  5.144 
[93] 

3.875  [495] 

c 

- 

6.175 

c/a 

- 

1.595 

"5 

Density,  g/cmJ 

11.50 

10.51 

Melting  point,  °C 

2790  +  30  [1019] 

2100  [499]* 

Heat  of  formation. 

90.6  [996] 

309.5  +  4.0  [47]* 

kcal/mole 

| 

Entropy,  cal/deg*mole 

23-5  [996] 

42.7  +  2.5  [47]* 

Dissociation  pressure 

lg  P  (at.)  = 

88  mm  Hg  at  2230°< 

*  8.086-33- 24/T"1  + 

+  0.958-10"17T5  [1019] 

[496] 

Transition  point  to  the 
superconductive  state 

— 

<1.2  [275,  304]* 

*For  Th^Njj . 

Protactinium  nitrides.  Protactinium  nitride  is  ascribed  the 
composition  PaN2  [^93].  The  PaN2  is  a  light-yellow  solid  compound, 
formed  by  the  action  of  ammonia  on  PaCl^  or  PaCl^  at  a  temperature 
of  80C°C;  it  has  the  same  structure  as  UNj. 

Uranium  nitrides.  The  uranium-nitrogen  system  has  been 
repeatedly  investigated,  especially  during  the  last  20  years  [500], 
The  existence  of  three  uranium  compounds  with  nitrogen  has  been 
established  -  the  mononitride  UN,  the  sesquinitride  UjN^  and 
the  dinitride  UN2.  The  region  between  UN  and  U2N^  is  two-phase; 

U2N^  with  an  increase  in  the  nitrogen  content  converts  to  the  nitride 
UN2,  i.e.,  the  region  among  these  two  compounds  is  a  region  of 
homogeneous  solid  solution.  The  investigation  of  the  system  was 
continued  in  work  [501],  where  technological  recommendations  for 


286 


via*')**  a4  %a  a  ^  V*  a  4  w*44  **4  4*»  a  1  v*  4  4*  vi  4  4a6  gv*o  /v4  tfow 
yA  vuuv^Jiiid,  uac  xuuj.YJ.uuax  uaw*  j.«v/u  «-*>*'-  *'•'**> 


aaparj^  o]^  T^y  j[n  £1oo 


molten  state.  In  this  work  phase  diagram  of  the  U-N  system  for 
several  nitrogen  pressures  are  plotted  (Fig.  88). 
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Fig.  88.  Phase  diagram  of  the 
uranium-nitrogen  system  for  var' 
ious  nitrogen  pressures. 
Designations:  am  %  =  at. 

Bee.  %  =  wt.  %\  nap  =  pair. 


The  most  complete  investigation  of  the  system  was  made  in  work 
[502],  the  results  of  which  are  given  in  the  form  of  a  phase 
diagram  of  the  U-N  system  for  a  nitrogen  pressure  of  5  at.  (Fig.  89). 


Fig.  89.  Phase  diagram  of 
the  uranium-nitrogen  system 
(pN  =  5  at . ) . 

2 

Designation:  renc  =  hexago¬ 
nal. 
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The  solubility  of  nitrogen  in  uranium  is  small  L ^ 9 Y J . 

Uranium  monotride  has  a  cubic  face-centered  lattice  of  the  MaCl 
type;  it  melts  congruently  at  a  temperature  of  2835  ♦  30°C  (the 
ratio  of  N:U  «  O.96  +  0.03).  Uranium  sesquinitride  UgN^,  according 
to  [500,  503],  is  a  cubic  body-centered  lattice  of  the  (D5^) 

type,  according  to  [43]  -  a  hexagonal  lattice  of  the  ThjS^  type. 

Now  !*•  has  been  proved  [502]  that  both  data  are  correct,  because 
the  nitride  undergoes  at  13^5°C  polymorphic  transformation,  being 
converted  from  a  cubic,  body-centered  lattice  to  a  hexagonal  lattice. 
Uranium  dlnitride  UN2  has  a  cubic  face-centered  lattice  of  the 
CaF2  t,ype.  The  phase  diagram  of  the'  U-N  system  has  also  been  plotted 
in  [516,  1004]. 

Physical-  properties.  Uranium  mononitride  is  a  refractory 
compound  with  a  melting  point  of  2835°C  (with  respect  to  the  old 
data  of  Chiottii  [43]  -  2650°C,  according  to  [504]  -  2S50°C  at  a 
nitrogen  pressure  of  more  than  2.5  at*).  At  lower  pressures 
incongruent  melting  occurs  with  the  decomposition  into  liquid 
uranium,  saturated  with  nitrogen,  and  gaseous  nitrogen.  The 
dissociation  pressure  is  expressed  by  the  equation  [504] 

•  *  j 

Uranium  nitride  UN,  contaminated’  by  oxygen,  decomposes  at 
higher  temperatures  than  pure  nitride.  The  cubic  structure  of  this 
nitride  was  confirmed  by  the  neutron-diffraction  method  [505]. 

By  the  irradiating  uranium  mononitride  with  neutrons  it  was 
established  that  the  effect  of  the  transformation  of  nitrogen  into 
hydrogen  and  carbon  was  insignificantly  small  [506],  The  basic 
effect  is  uranium  fission,  entering  into  the  nitride. 

• 

The  data  obtained  by  irradiating  uranium  mononitride  with  neutrons 
are  presented  in  Table  79. 
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Table  79.  The  effect-  of  neutron  Irradiation  on  uranium  mononitride.* 


Uranium 
enrichment,  % 

Uranium  burn 
out .  % 

Maximum  temperature 
on  the  surface,  °C 

Decrease  in 
density,  % 

0.22 

0.1 

65-70 

0.73-1.6 

0.72 

0.4 

100-105 

1. 1-2.1 

5 

2-3.5 

275-580 

2. 3-6. 4 

^Samples  with  a  shell  of  stainless  steel  of  brand  30h  or  without 
a  shell  were  investigated,  Samples  without  a  shell  are  destroyed , 
and  they  remain  in  the  shell  without  changes. 


In  work  [964]  single-crystals  of  uranium  mononitride  with  a 
density  of  99-100.1%  of  the  rated  were  prepared  by  arc  smelting. 

Their  hardness,  according*  to  Knup,  was  equal  to  555,  according  to 
Vickers  -  500.  The  temperature  of  congruent  smelting  at  a  nitrogen 
pressure  of  2.5  at.  was  equal  to  2850  +  50°C. 

According  to  [1012],  where  the  thermal  conductivity  of  uranium 
mononitride  was  measured  at  temperatures  of  900-l650°C,  above  1200° C 
the  thermal  conductivity  does  not  depend  on  temperature  and  is  at 
1650° C  about  0.26  W/cm  x  s.  In  this  temperature  range  the  electron 
component  of  thermal  conductivity  prevails,  for  example,  at  1300°C 
it  is  up  to  80%. 

The  electrophysical  properties  of  uranium  nitrides  were  investi¬ 
gated  in  work  [507],  in  particular  -  the  temperature  dependence  of 
electrical  conductivity  (Fig.  90)' and  thermo-emf  (Fig.  91)  of  the 
mononitride,  the  same  -  for  dinitride  (Fig.  92)  and  the  thermo-emf 
for  nitrides  with  a  different  ratio  of  nitrogen  and  uranium  content 
(Fig.  93).  The  high  values  of  thermo-emf  can  be  used  under  certain 
conditions  for  thermoelectric  current  generators.  The  mononitride 

has  p-type  conductivity.  The  magnetic  susceptibility  of  the  mono- 

—6 

nitride,  equal,  according  to  these  data,  to  3050.10“  ,  can  be 
explained  by  the  presence  of  two  unpaired  6d-electrons  (the  theoretical 
value  for  the  two  unpaired  6d-electrons  is  3333*10“^)  and  by  the 
participation  of  one  6d-electron  per  uranium  atom  in  the  Me-Me  bond. 
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The  negative  temperature  coefficient  of  electrical  conductivity 
is  caused  by  carrier  scattering  with  temperature.  At  low  temperatures 
these  carriers  can  be  provided  by  the  Me -Me  compound,  and  at  high 
temperatures  excitation  of  the  carriers  within  limits  of  the  bands, 
pertaining  to  the  U-N  bonds.  The  author  [507]  considers  that  the 
relatively  large  difference  in  the  electronegativities  of  the  UN 
components,  consisting  of  1.5,  can  cause  the  presence  of  a  large 
energy  gap  which  causes  the  delivery  of  a  certain  number  of  current 
carriers  at  low  temperatures.  For  UN.,  nitride  phases  an  n-type 
conductivity  has  been  established;  the  low  values  of  conductivity 
wi»th  high  carrier  concentration  which  corresponds  to  x  =  0.^1, 
can  be'  ascribed  to  the  low  mobility  of  the  carriers.  It  is  possible 
to.  exptjd^:' that  Ui^,  being  a  less  ionic  compound  than  uranium  dioxide 
which  isomorphic  to  it  (the  difference  in  the  electronegativities 
is  2.0'3'y  has  a  higher  mobility  of  carriers  than  the  10  cm  *V*s, 
established  for  U02. 


Fig.  90.  The  .temperature  dependence 
of  the  electrical  conductivity  of 
the  nitride  UN.  1  -  1.082  C;  2  - 
0.2?  C;  3  -  0.062  C. 


pendence  of  the 
thermo-emf  of  UN. 


Best  Available  Copy 


290 


Pig.  92.  The  temperature  dependence 
of  electrical  conductivity  and  thermo- 
emf  of  UNg. 


% 


Fig.  93.  The  dependence  of  thermo-emf 
on  the  ratio  of  N/U.  .  , 


At  a  certain  value  of  x,  greater  than  0.^1,  the  phase  transition 
of  U1J 2  from  a  CaF2  structural  type  to  a  La^^  structural  type  occurs. 
Uranium  sesquinitride  nas  as  compare, d  to  the  high-conductive  mono¬ 
nitride  low  electrical  conductivity  and  simultaneously  a  small 
value  of  thermo-emf.  It  is  assumed  that  U^N^  can  have  only  a 
stoichiometric  composition. 

The  electrical  conductivity  and  thermo-emf  of  uranium  mononitride 
at  low  and  average  temperatures  were  measured  in  work  [831].  In 
Fig.  9 4  the  dependence  of  electrical  resistance  on  temperature  is 
shown,  and  in  Pig.  95  -  thermo-emf  (with  respect  to  copper). 


Fig.  9^*  The  temperature 
dependence  of  the  electrical 
resistance  of  UN. 


A  more  detailed  investigation  of  the  magnetic  properties  of 
uranium  nitrides  was  made  in  the  works  of  Tzhebyatovsxiy  v/ith  his 
colleagues  [50S,  509].  It  was  demonstrated  that  in  uranium  mono¬ 
nitride  the  high  negative  i.’eiss  constant  (-310)  indicates  a  strictly 
anti  ferromagnetic  combination,  of  electron  spins.  This  coincides 
with  the  shortest  interatomic  distance  of  U-U  in  this  compound  v/ith 
nitrogen,  equal  to  3. 449  ?\.  The  S-U^N^  phase  (the  hexagonal  variant) 
is  characterized  by  ferromagnetic  properties  at  low  temperatures 
in  the  metastable  state  tempered  from  a  high  temperature;  the  Curie 
point  is  equal  to  +186°K.  The  a-iloM?  phase  (the  cubic  variant) 
has  a  magnetic  moment  of  1.92  dohr  magnetons;  to  explain  this  value 
it  is  possible  to  assume  that  part  of  the  uranium  atoms  is  in  the 
u‘,f  ionic  state  (wL'1<+  =  2.83  Bohr  magnetons),  and  v/ith  them  part 
of  the  diamagnetic  ions  U6+:U^  uj^  or  there  is  a  mixture 

4+  5+  3- 

of  tetra-  and  pentavalent  uranium  ions:  U  1.0  +  U  1.0  U  3* 

The  nitride  at  temperatures  of  700-800°C  in  a  vacuum  gives 

off  nitrogen  up  to  1300°C,  at  this  temperature  and  low  pressures  it 
decomposes  to  the  mononitride  and  nitrogen,  and  at  high  temperatures  - 
to  the  mono-  and  dinitride  [500].  In  the  latter  case  the  alloy 
volume  decreases  by  13%  •  The  heat  of  decomposition  of  U2’J3  *  UN  +  N2 
is  equal  to  57-58  kcal/mole  of  [963]. 

In  work  [1055]  data  are  given  on  measuring  the  equilibrium 
pressure  of  the  nitride,  carbonitride  phases  of  uranium  depending 
on  pressure  and  temperature  and  the  enthalpy  and  entropy  of  these 
phases  were  calculated,  and  also  the  parameters  of  the  hexagonal 
lattice  of  the  (a  =  3*698,  c  =  5*839  &). 

The  physical  properties  of  uranium  nitrides  are  given  in  Table  80. 
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Chemical  properties.  An  important  property  cf  the  uranium 
nitrides  is  their  ability  to  actively  absorb  gases  which  is  used 
for  purifying  nitrogen  of  oxygen  and  moisture  and  makes  it  possible 
in  certain  cases  to  use  the  uranium  nitrides  as  getters.  Upon  the 
oxidation  of  sintered  uranium  mononitride  in  oxygen  at  temperatures 
of  350~430°C  and  pressures  of  up  to  1  at»  a  number  of  intermediate 
oxides  between  U^Oo  and  UO^  will  be  formed.  The  activation  energy 
of  oxidation  in  the  indicated  temperature  interval  is  24.5  kcai/mole 
[510,  969]. 

In  work  [962]  it  was  demonstrated  that  the  oxidation  of  uranium 
mononitride  with  oxygen,  C02,  and  air,  saturated  with  moisture,  is 
expressed  by  the  linear  kinetic  law  with  an  activation  energy  of 
from  10.4  to  15.4  kcal/mole.  The  oxidation  product  at  300° C  consists 
mainly  of  U^Q^.  Corrosion  by  water  at  100°C  and  ^dium-potassium 
alloy  at  620°C  occurs  very  slowly.  On  the  whole,  uranium  nitrides 
oxidise  readily  in  air,  are  not  to  soluble  in  acids  and  alkaline 
solutions  [514],  but  are  readily  decomposed  by  molten  alkalis. 

The  highest  uranium  nitrides  are  reduced  by  hydrogen. 

In  work  [43]  the  high  resistance  of  uranium  nitride  to  the 
action  of  tantalum  and  thorium  nitrides  at  1000°C  was  shown.  The 
high  melting  point  of  the  mononitride  makes  it  possible  using  It  for 
refractory  articles,  exploited  in  nitrogen  or  inert  gaseous  media. 

Obtaining  methods.  Uranium  nitrides  are  usually  prepared  by 
nitriding  uranium  or  uranium  hydride. 

A  study  of  the  nitridation  reactions  of  uranium  was  made  in 
[511,  512].  At  nitridation  temperatures  of  650-900°C  in  the  diffusion 
layers  three  phases  have  been  detected  -  a  mononitride ,  a  dinitride, 
ana  also  a  hexagonal  variant  of  the  sesquinitride .  In  the  layers, 
produced  [512]  by  the  nitridation  of  uranium  at  550-750°C  there  is 
also  mainly  detected  the  nitride  UN^  with  minor  admixtures  of 
At  nitridation  temperatures  of  between  775  and  900°C,  as  in  [511*1. 
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all  three  nitride  phases  were  detected.  The  nitridation  rate  of 
uranium  in  both  indicated  temperature  ranges  obeys  the  parabolic 
law,  however  the  diffusion  rate  and  the  activation  energies  are 
different 


D  =  202- exp (—  25500/ffT)  at  550  —  750*Q 
D  =  3.95  exp(— 15100//?7)  at  775  -  990eC 

The  variation  in  the  oarameters  of  diffusion  is  connected  with 

•  «  • 

3  -v  Y-transfori, nation  of  metallic  uranium  (according  to  new  data 
[502],  the  transformation  occurs  at  771-778°C). 

Activation  energies  of  the  nitration  process  have  been  established 
equal  at  630°C  to  16  kcal/mole,  and  at  higher  temperatures  -  to 
7  kcal/mole  (the  temperature  of  the  3  -*•  y-transformation  of  uranium); 
this  indicates  a  far-reaching  analogy  between  the  interaction 
mechanism  of  uranium  with  nitrogen  and  oxygen  [515]. 

In  work  [522]  the  nitration  of  uranium  powder  obtained  by 
calcium- thermal  reduction  in  temperature  range  of  300-700° C  at  a 
nitrogen  pressure  of  50-700  mm  Hg  was  investigated.  The  particles 
of  uranium  powder  had  a  spherical  shape  with  dimensions  of  2-200  p 
In  the  first  stages  of  the  reaction  UII  is  produced,  and  at  600°C 
after  30  min  the  reaction  is  terminated  with  the  formation  of  a  product, 
close  in  composition  to  Ugliy  The  activation  energy  of  the  process 
at  500-700°C  is  equal  to  27+2  kcal/mole  which  agrees  well  with 
the  value,  determined  in  [512].  In  the  nitration  process  of  the 
uranium  particles  are  pulverized  which  leads  to  the  exposure  of 
new  surfaces  and  to  the  acceleration  of  the  nitridation  process. 

Before  the  onset  of  the  grain  destruction  process  the  reaction 
proceeds  not  according  to  parabolic  law,  but  according  to  the  law 
of  the  Am  =  ktn  type,  where  n  is  close  to  1/3. 

The  minimum  nitrogen  pressure,  required  to  produce  cast  UH, 
should  be  2.5  at.  At  lower  pressures  it  is  impossible  to  attain 
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saturation  of  the  uranium  liquid  phase  with  nitrogen  before  producing 
the  composition  UN.  The  production  of  UN  is  possible  by  the 
decomposition  of  U2N2  at  low  temperatures  in  a  pumped  system,  in 
which  the  required  vacuum  is  maintained.  However  in  as  much  as  the 
rate  of  the  process  at  low  temperatures  is  small,  the  minimum 
temperature  of  this  method  of  producing  uranium  nitride  is  1000°C. 
Higher  temperatures  impair  the, vacuum  conditions,  necessary  for 
decomposition. 

In  nitriding  uranium  under  very  great  pressure  of  the  order 
of  120-130  at.  A  mixture  of  uranium  mono-  and  dinitride  is  formed 
with  an  overall  nitrogen  content  in  the  alloys  of  up  to  55-66  at.  %. 

Chiotti  [ M 3 3  prepared  u-ranlum  mononitride  by  passing  nitrogen, 
ammonia  over  uranium  shavings  at  temperatures  of  il00-9^0°C. 

Nitrogen  was  thoroughly  purified  also  by  passing  it  over  uranium 
shavings  at  500° C.  Under  the  conditions  selected  by  Chiotti 
mixtures  of  the  nitride  phases  of  uranium  were  obtained,  the  transition 
of  which  to  the  heat-resistant  mononitride  was  produced  by  heating 
the  nitrlaation  products  in  a  vacuum  at  a  temperature  of  about 
1500°C. 

The  nitridation  of  metallic  uranium  with  ammonia  was  again 
investigated  in  [9373.  In  the  temperature  interval  i)70-1000°C 
(at  a  pressure  of  1  at.)  products  of  compositions  respectively 
from  UIl^  to  UN1  ^ .  All  the  nitride  phases  of  TJNX  with  x  >_  1.50 
had  a  cubic  dCC-structure  [body-centered  cubic  structure]  of  the 
type  with  a  gradual  transition  with  an  increase  In  value  of 
x  to  CFC-structure  [cubic  face-centered  structure]  of  the  Cal^ 
type,  characteristic  for  . 

Researchers  [500]  produced  uranium  nitrides  by  interacting 
uranium  hydride  with  ammonia  at  a  temperature  of  200° C  or  with 
nitrogen  at  350°C  under  conditions  of  thoroughly  isolating  oxygen 
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from  getting  into  the  reaction  space.  In  work  [*485]  a  method  of 
producing  uranium  nitride  with  an  intermediate  stage  of  the  formation 
of  uranium  hydride  is  recommended.  Pieces  of  uranium  are  first 
hydrogenated  at  a  temperature  of  200° C,  then  nitridation  (2-3 

p 

kg/cm  ).  By  a  high  speed  reaction  products  will  be  formed,  having 
the  composition  UNx>  with  x  =  1.77-1.78,  i.e.,  being  a  mixture  of 
Upon  heating  this  product  for  several  hours  in  a  vacuum 
at  800°C  uranium  mononitride  is  obtained. 

• 

The  purest  uranium  mononitride  is  produced  by  arc  smelting 
uranium  in  a  nitrogen  medium  at  high  temperatures  [513]. 

Uranium  nitride,  to  which  is  ascribed  the  comoosition 

9  • 

(a  mixture  of  phases)  will  be  formed  by  interacting  UF^  with 
ammonia  at  30C°C  [27*4],  or  UGl^  with  ammonia  [51*4]. 

Articles  of  uranium  mononitride  are  usually  prepared  by  methods 

of  powder  metallurgy.  For  example,  in  [*43]  articles  of  a  powder 

with  a  particle  coarseness  of  100  meshes  were  produced  by  pressing 

2 

the  intermediate  products  under  a  pressure  of  3. 1-3. 7  t/cm  with 
subsequent  sintering  at  a  temperature  of  2Q00-2100°C.  Such  articles 
have  a  porosity  of  16%;  the  linear  shrinkage  upon  sintering  is  about 
3£.  The  porosity  of  articles  of  large  dimensions  fluctuates 
within  the  limits  of  23-30£.  An  analysis  of  the  material  of  the 
articles  after  sintering  shows  the  closeness  of  its  composition  to 
uranium  mononitride  with  a  certain ' deficit  in  the  nitrogen  content. 

In  an  attempt  to  -manufacture  crucibles  from  mixtures  of  with 

metallic  uranium,  composed  taking  into  account  the  formation,  of  the 
moncnitrlde,  the  intermediate  products  during  sintering  were  warped 
and  cracked.  Sintering  in  both  cases  was  carried  out  in  a  high- 
frequency  Induction  furnace. 

The  conditions  for  preparing  of  articles  of  uranium  mononitride 
were  studied  in  [5133.  The  articles  were  produced  by  the  method 
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of  hot  pressing  in.  graphite  molds  at  temperatures  of  1370-l6?8°C, 
and  pressures  of  200-t00  kg/cm^  for  30  min.  The  articles  obtained 
after  18  min  of  sintering  have  a  low  density  (about  805),  which  can 
be  further  increased  by  'vl'O#  by  subsequent  sintering  at  1700°C 
for  2  h,  and  also  by  refining  the  mononitride  particles.  The 
contamination  of  the  articles  with  carbon  as  a  result  of  the  contact 
with  the  graphite  mold  is  small  and  constitutes  a  maximum  of  0,^ 
wt .  5.  The  oxygen  content  substantially  decreases  as  compared  to 
the  original  powder  and  is  in  the  article  0.06  wt.  1»  (see  also 
[1080]). 

According  to  [507],  articles  of  UN  are  also  prepared  by  the 
hot  pressing  method  at  a  temperature  of  1800°C  for  15  min;  their 
density  was  10.3  g/cm^,  the  carbon  impurity  was  0.065,  and  oxygen  - 
0.13%. 

In  connection  with  .the  perspective  use  of  uranium  mononitride 
as  nuclear  fuel  its  production,  properties  and  methods  of  preparing 
articles  from  it  ape  covered  by  extensive  literature,  summaries  of 
which  are  given  in  the  detailed  survey  [976],  and  also  in  the 
bibliography  [977]. 

•  * 

Neptunium  nitrides.  Neptunium  nitride  NpN  has  a  cubic  structure 
of  the  NaCl  type  with  a  lattice  constant  of  a  *  ^.8987  51  [^95, 

1005].  It  is  produced  by  interacting  of  neptunium  hydride  with 
ammonia  at  a  temperature  of  750-800°C  [517,  ^96].  Upon  heating 
neptunium  tetrachloride  with  ammonia  within  the  limits  of  350-1000° C 
nitride  of  neptunium  will  not  be  formed. 

An  investigation  of  the  decomposition  reaction  NpN(solid)  -*■ 

■+  Np(gas)  +  O.SN^Cgas)  at  2210-2830°  showed  [10053  that  the  vapor 
pressure  obeys  the  equation 

Igp  (at)  -8,193— ^121  +  7,87. 10“**!*  - 
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The  NpN  melts  congruently  at  2830  +  30°C  at  a  nitrogen  pressure 
of  up  to  10  at. 

Thfe  NpN  does  not  dissolve  in  water;  It  is 'soluble  in  hydrochlori 
acid  [5173. 

Plutonium  nitrides  [1028].  Plutonium  forms  one  nitride  PuN 

[518].  According  to  Zachariasen  [ ^9 5 >  5193 >  PuN  has  a  cubic 

face-dentered  grid  with  a  constant  (for  the  composition  Pull,  ,,„) 

0  *  *  •  y  w  ( 

a  *  4.9069  A,  varying  linearly  with  temperature:  a  =  4.9069 
(1  +  12.29*10”^  t)  %i  where  20  <  t  <  900aC. 

The  density  of  the  nitride  is  14.23  g/cm^;  the  free  energy  of 
the  formation  of  PuN  at  700°K  is  equal;  to  -60  +  1  kcal/mole ;  at 
298°K  it  is  more  negative  than  -70  kcal/mole  [997];  the  entropy 
of  formation  from  the  elements  is  AS0^ g  *  -22  +  1  cal/deg*mole . 

The  melting  point  of  plutonium  mononitride  is  equal  to  2750  +  l75°C. 

It  begins  to  intensively  vaporize  at  1600°C  with  disproportionation 
according  to  the  reaction- PuN^_x  Pu  +  (l-x)PuN.  The  dissociation 
pressure  according  to  the  reaction  PuN( solid)  +  Pu(liq)  +  0.5N2(gas) 
in  the  range  2290-2770° C  is  determined  by  the  equation 

J.  t 

i  kp  ( at )  k~^T£~±l 8,193. 

The  coefficient  of  thermal  expansion  of  PuN  according  to  the 
results  of  dilatometric  measurement’s  is  equal  to  9.30*10“^  deg-1, 
and  according  to  the  roentgenographic  method  12. 29-13. 80 •10”^ 
deg-1. 

Zachariasen  ascribes  semimetallic  properties  to  plutonium 
nitride.  In  work  [831]  the  electrical  resistance  and  the  thermo-emf 
were  determined  of  PuN  at  low  and  average  temperatures  (Pigs,  96, 

97),  which  in  general  confirm  this  assumption. 


Pig.  96.  The  temperature  dependence 
of  the  electrical,  resistance  of  Pull. 


Fig.  97*  Temperature  dependence 
of  thermo-emf  of  Pull. 


Plutonium  rnononitride  is  a  dense  and  fragile  substance  with  a 
black  color;  it  is  unstable  in  humid  air  and  oxygen.  Under  the 
effect  of  humid  air  it  hydrolyzes  according  to  the  reaction  [^96]: 


PuN  +  2H.0  -  PuO,  +  NH,  +  tyH*. 

In  cold  water  Pu.'J  hydrolyzes  slowly,  and  in  hot  -  very  rapidly 
with  the  formation  of  Pu(Oii)^. 

In  hydrochloric  and  phosphoric  acids  the  nitride  dissolves 
rapidly,  somewhat  more  slowly  -  in  nitric  acid,  still  more  slowly  -  in 
hydrofluoric  and  nitric.  Upon  dissolution  in  hydrochloric  and 
sulfuric  acids  in  the  cold  trl valent  plutonium  salts  will  be  formed. 


Oxidation  with  oxygen  occurs  intensively  beginning  at  500 
and  especially  rapidly  -  at  1000°C. 


500 
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Nitrogen  acts  very  slowly  on  plutonium  both  at  low  temperatures, 

*  • 

and  also  at  800-1000°C  [518].  Therefore  plutonium  nitride  is 
usually  obtained  by  the  action  of  ammonia  both  on  plutonium,  and  also 
on  its  compounds:  by  acting  ammonia  on  plutonium  at  1000°C;  by 
interacting  plutonium  trichloride  with  ammonia  at  800-900°C;  by 
acting  ammonia  at  a  pressure  of  250  mm  with  plutonium  hydride  at 
600°C  with  subsequent  slow  cooling  to  room  temperature  [ h 9 3 ,  520]. 

A  modification  of  the  latter  method  is  that  described  in  [82*1]  the 
production  of  PuN  by  heating  plutonium  hydride  in  a  nitrogen  medium 
at  temperatures  above  230°C. 

The  authors  [485]  prepared  plutonium  nitride  by  hydrogenating 
the  surface  of  pieces  of  plutonium  at  a  temperature  of  200°C  with 
the  subsequent  treatment  with  nitrogen  at  250°C.  The  nitridation 
proceeds  at  great  speed.  The  lattice  constant  a  of  the  nitride, 
produced  in  this  was  then  annealed  at  a  temperature  of  1300~15Q0°C, 
is  equal  to  4.912  A.  It  is  indicated  that  with  an  increase  in  the 
annealing  temperature  the  lattice  constant  increases  somewhat  which 
attests  to  the  partial  loss  of  nitrogen. 

In  an  attempt  to  produce  PuN  by  the  arc  smelting  method  [521] 
mixtures  of  PuN,  Pu02  and  free  plutonium  will  be  formed.  The 
product  vaporizes  at  a  temperature  of  2650°C  in  helium  without 
fusion. 

Detailed  data  about  the  methods  of  producing  and  the  properties 
of  uranium  and  plutonium  nitrides  are  also  given  in  the  report 
[1041]. 


Footnotes 


'Obtained  by  extrapolation. 

According  to  [978],  the  magnetic  susceptibility  is  37*10*"^. 

Somewhat  different  data  concerning  the  temperatures  of  the 
chloridization  of  titanium  nitride  are  cited  in  work  [230]. 

If 

Not  considering  the  formation  of  phases  of  variable  composition 
and  various  thickness. 

sThe  kinetics  of  the  nitrogen  loss  by  solid  solutions  of  the 
nitrogen  in  the  niobium  was  also  investigated  in  work  [981]. 

^According  to  [939],  chromium  at  l600°C  and  a  pressure  of  N?  =  1 
at.  dissolves  6.5  wt.  %  of  nitrogen  (in  a  supercooled  liquid  2 
state). 

7With  respect  to  the  antiferromagnetism  of  chromium  nitrides 
see  also  [331]. 

According  to  [940],  the  solubility  of  nitrogen  in  a-iron  is 
at  the  eutectoid  temperature  0.115$;  according  to  [941]  -  0.095$, 
according  to  [942]  —  0.108$.  The  solubility  of  nitrogen  in  molten 
iron  at  1600°C  and  a  pressure  of  N_  =  1  at.  is  0.0438  +  0.0007  wt.  % 
[939].  2 

9The  solubility  of  nitrogen  in  liquid  Ni  at  1600°C  and  at  a 
pressure  of  N2  =  1  at .  is  equal  to  0.001  +  0.001  wt .  %  [939]. 
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NITRIDES  OP  ELEMENTS  OP  THE  BORON  SUBGROUP 

1.  Boron  Nitrides 

The  Boron  BN  nitride,  discovered  more  than  one  hundred  years 
ago  by  Balmain  [625],  is  known  in  three  modifications  -  a-BN 
(hexagonal),  8-BN  (cubic)  and  y-BN  (hexagonal  close-packed). 

The  a-BN  has  a  hexagonal  crystal  structure  similar  to  the 
structure  of  graphite.  It  consists  of  graphite-like  layers  located 
in  contrast  to  the  structure  of  graphite  exactly  under  each  other 
with  an  alternating'  of  the  atoms  of  the  boron  and  nitrogen  along  the 
z  axis  (Fig.  98a).  The  space  group  is  C6m2(D^-),  Z  *  2  [36, 

626],  Due  to  proximity  of  the  structure  and  certain  physical 
properties  of  the  graphite  and  boron  nitride  the  latter  is  frequently 
called  "white  silica"  or  "white  graphite"  (in  foreign  sources  this 
modification  Is  often  designated  as  s-BN).  The  8-BN  has  a  cubic 
crystal  lattice  similar  to  the  lattice  of  a  diamond  (Pig.  99),  i.e., 
it  Is  crystallized  in  the  structure  of  zinc  blende  ZnS.  The  y-BII 
has  a  hexagonal  close-packed  or  tetragonal  [628]  lattice  (frequently 
designated  as  R-BN).  According  to  the  most  reliable  data  y-BN 
is  crystallized  in  a  rhombohedral  structure  similar  to  the  structure 
of  8-graphite  [733]  with  equal  displacement  between  hexagons  in 
consecutive  layers  [627].  This  structure  is  shown  on  Fig.  98b. 

The  lattice  constants  are:  a  *  2.504;  c  =  10.01  A. 


Fig.  98.  Structure  of  hexagonal 
modifications  of  nitride  of  a 
boron:  a)  graphite-like;  b)  rhombo- 
hedral. 


Fig.  99 •  Structure  of  the  cubic 
modification  o*f  a  boron  nitride 
(borazon) :  #  —  boron  atoms;  0  — 
nitrogen  atoms. 


There  are  indications  about  the  existence  in  the  system  boron- 
nitrogen  of  a  nitride  of  the  composition  B^IJ  [629];  however,  its 
existence  is  very  problematical. 

According  to  [1084],  the  hexagonal  nitride  of  boron  can  have 
a  disordered  structure,  which  turns  into  normal  with  heating  to  a 
temperature  above  2000°C.  Defects  of  the  packing  of  a  hexagonal 
BN  are  examined  in  detail  in  [1013,  1085-1087]. 

Physical  properties.  Properties  of  a  hexagonal  boron  nitride 
a-BN  are  studied  most  fully.  The  nature  of  the  chemical  bond  in 
boron  nitride  has  been  studied  in  many  works  [631-633]. 

The  distribution  of  the  electron  density  in  a-BN  is  similar  to 
that  in  graphite  (Fig.  100),  where  between  the  layers  is  15—16?! 
all  electrons  which  corresponds  to  two  electrons  from  every  pair 
of  atoms  B-N  in  nitride  (in  graphite  -  one  electron  from  each  atom). 
Breger  and  Zhdanov  [631]  arrive  at  the  conclusion  concerning  the 
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presence  of  the  ionic  bond  between  atoms  of  boron  and  nitrogen  in 
the  layers  (approximate  valence  structure  B  N  )  and  the  absence  of 
a  metallic  bond  between  the  layers  in  contrast  to  graphite  where 
the  metallic  bond  is  ensured  by  one  electron.  .  The  presence  of  a 
boron  nitride  of  a  defined  fraction  of  the  ionic  bond  follows  also 
from  its  position  in  the  isoelectronic  sequence  LiF-BeO-BN-CC, 
where  it  is  located  between  beryllium  oxide,  which  has  a  clear  ionic 
nature,  and  graphite  with  large  fractions  of  covalence  and  metallic 
type  of  the  bond. 


Fig.  100.  Distribution  of  electron 
density  in  a  crystal:  a)  boron  nitride j 
b)  graphite. 


Pauligg  [1005]  examined  the  structure  and  property  of  boron 
nitride  from  positions  of  the  theory  of  resonance  (resonance  between 
/  B— and  — B-«N+^is  assumejd).' 


Examining  boron  nitride  from  positions  of  concepts  about  the 
tendency  of  atoms  in  the  formation  of  bonds  to  the  stablest  electron 
configurations,  it  is  possible  to  consider  that  with  the  formation 

of  the  hexagonal  boron  nitride  boron  atoms  chiefly  transfer  valence 

2  * 

s  p-electrons  to  nitrogen  atoms,  as  a  result  of  which  boron  atoms 

2  p  c 

obtain  a  stable  configuration  s  ,  and  nitrogen  atoms  -  s  p  .  The 
presence  of  a  defined  (high  statistical  weight  of  s2p^-configurations 
of  nitrogen  atoms  conditions,  as  is  usual,  the  ionic  fraction  of  the 
bond,  and  the  energy  isolation  of  these  configurations  conditions 
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the  presence  of  the  wide  energy  gajp  with  subsequent  dielectric  ..  ' 

properties  of  boron  nitride  (the  interval  between  the  filled  and  5  w 
empty  *-subband  in  BN  is  approximately  ^.6  eV  [6 7*0. 

.  Dvorkin  and  his  colleagues  [63^] »  on  the  basis  of  the  heat  of 
formation  of  the  nitride  determined  by  then,  arrived  at  the  conclusion 
of  the  presence  of  double  bonds  between  the  boron  and  nitrogen  in 
links  of  layers  of  the  structure. 

According  to  data  of  [635],  the  distinction  of  energy  of  BN 
and  graphite  lattices fis  only  0.077  kcal/mole  with  the  acceptance, 
as  is  made  by  Breger  and  Zhdanov,  of  one  electron  per  atom. 

Investigation  of  IR-spectrum  of  the  absorption  of  boron  nitride, 
conducted  in  [636,  63.7.3,!,  showed  the  presence  of  two  bands  of  intense 
absorption  with  wavelength  of  7.28  and  12.3  um  (Fig.  101),  which 
correspond*  apparently,  to  two  basic  crystallographic  directions  with 
a  sharply  distinctive  nature  of  the  bonds. 


n»qu*»wy>  m : 


spectrum  of  boron  nitride. 


The  distance  between  layers  in  the  lattice  of  boron  nitride 
equal  to  3.34  X  is  less  than  that  for  graphite  (3.^0  A),  which 
indicates  the  more  durable  bond  between  layers  in  the  structure 
of  boron  nitride  as  compared  to  that  of  graphite. 


The  specific  electrical  resistance  p  of  a  hot-pressed  sample 
of  boron  nitride  decreases  with  temperature  in  the  following  way 

[638,  628]: 


A 
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>  ->  --w  -  - =  -=»  .«*>-  <-  -^^^RWK^nBmpnv^BBVssivnPSVnKn!^’*:* 


Temperature,  °C 

25 

500 

1000 

1500 

2000  1 

Specific  electrical 
resistance,  ft* cm 

1.7-1013 

2.3*1030 

li 

3.1-104 

2-103 

1*102 

with  an  increase  in  density  of  articles  of  BiJ  their  resistance 

p 

rapidly  decreases,  comprising  for  a  porosity  of  80*  —  10  - ,  for 
5  OS  -  7 • 1010  and  for  10?  -  5-105  ft*  cm. 

These  figures  pertain  to  dry  samples  of  nitride,  and  with 
moistening;  the  electrical  resistance  rapidly  descends,  for  example: 


Relative  humidity,  % 

20 

50 

90 

Specific  electrical 

resistance  at  25° C,  yft*  cm 

7-1012 

7-1012 

5-10 

The  width  of  the  forbidden  band  according  to  data  given  in 
C 640 ]  is  4.6  eV,  which  is  characteristic  for  insulators.  .'lew 
measurements  permit  considering  the  width  of  the  forbidden  band  to 
be  narrower  —  from  3-6  to  3*6  eV , 

The  electrical  resistance  of  the  born  nitride  without  structural 

12  13 

defects,  as  was  indicatea  is  10  to  10  J  ft*  cm,  and  with  a  decrease 
in  the  nitrogen  content  it  is  decreased,  especially  rapidly  at 
38-40  at.  %  of.^trogen  (instead  of  those  fixed  by  the  formula  of 
bd  50  at.  % ) ,  there  begins  destruction  of  the  base  of  the  structure  — 
plane  lattices  from  atoms  of  boron  and  nitrogen. 

With  prolonged  heating  in  a  vacuum  at  high  temperatures  the 
electrical  resistance  of  technical  samples  of  boron  nitride  is 
stabilized,  as  one  can  see  from  data  [64l]  given  in  Table  81.  The 
samples  were  heated  for  a  long  time  at  a  temperature  of  500°C  with 
subsequent  heating  at  1000,  1100  and  1400°C  for  30  min,  after  which 
their  electrical  resistance  was  measured  again  at  500°C. 
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Table  81.  Electrical 
resistance  of  boron  nitride 
at  a  temperature  of  500°'C 
after  preliminary  heating 
in  a  vacuum. 


feopa  nature 

Mflitame  (ft  .00)  after 
heat  treatment  la  a 

of  head 
treatment 

vacuum  at  500°  C 

In  vaouum, 

°C 

0  h 

M  h 

40  h 

2000 

1.75.10* 

3,5.10'* 

1200 

'4,2. 10» 

4,9.10** 

1400 

2,0.10" 

2,0-10" 

2,0.10" 

In  work  [1038]  the  electrical  resistance  is  measured  of  samples 
of  boron  nitride  and  also  of  boron  nitride  with  2.5,  5  and  105 
in  the  range  of  temperatures  of  20-2000°C.  A  somewhat  higher 
electrical  resistance  of  boron  nitride  is  set  at  room  temperature, 

1  4  I  “2 

10  ft  .cm,  as  compared  to  earlier  reduced  data  (10  J  ft -cm),  and  at 

2 

20 J0° C  the  electrical  resistance  is  2*10  ft.  cm.  With  an  increase 

in  the  content  of  boric  anhydride  in  boron  nitride  the  resistance 

at  first  is  increased  somewhat  (to  S'lO^  at  2.5%  D„0,)  and  then 

12  11  d 

(at  5-105  »>,,G-,)  decreases  (to  10  to  10  ft. cm).  In  the  work  the 

2  0 

vacancy  mechanism  of  conductivity  is  chiefly  taken  and  it  is  shewn 
that  the  activation  t-^ergy  of  the  intrinsic  conductivity  of  boron 

4 

nitride  comprises  5.2  eV. 

The  dielectric  constant  and  scattering  factor  (tg  6)  of  heated 
ary  samples  from  boron  nitride,  measured  [638]  in  the  electrical 
field  in  parallel  to  the  pressure  applied  with  hot  pressing  of  the 
sa;q  ies  (with  the  exception  of  a  frequency  of  lO1^  Hz,  when  the  field 
was  perpendicular  to  the  pressure  of  hot  pressing),  are  given  in 
Thole  ce.  Dielectric  losses  greatly  depend  on  the  humidity  [6*11]. 

Tne  dielectric  strengtn  (breakdown  voltage)  ig  1.97—3*9**  kV*mm 

[  0  2  0  j  . 

Tne  thermal  conduction  and  coefficient  of  thermal  expansion 
of  boron  nitride  decrease  with  temperature  (Tables  83  and  8*J  [638]). 
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Table  82.  Frequency  and 
temperature  dependence 
of  the  dielectric  con¬ 
stant  and  scattering 
factor  of  boron  nitride. 


•* 

Dielectric 

constant 

Scattering  factor 

& 

£* 

10*  C 

J3Q*C 

SCO*  c 

10*  c 

330*  C 

479*  c 

10* 

4.15 

4,4 

9.0 

0,00103 

0,32 

1,000 

10* 

4,15 

4.5 

0,00042 

0,0043 

0.1C0 

I0» 

4,15 

4.2 

0,00020 

0,0012 

0,0059 

10* 

4.15 

— 

0,00000 

— 

10“ 

— 

0,0003 

0,004 

0,0005 

Table  83*  Tempera¬ 
ture  dependence  of 
thermal  .conduction 
of  boron  nitride. 


Tea  para* 
ture,  °c 

ThenaKl  oonduotlon 
oal/oB>s«deg 

In  parallel 
to  the  di¬ 
rection  of 
hot  pres- 

»in« 

Perpendl- 

reotlon  of 

hjt^pres. 

« 

300 

.0.036 

0,069 

500 

0,034 

0,067 

700 

0,032 

0,065 

900 

0,030 

0,063 

1000 

0,029 

0.C64 

Table  3*i.  Tempera¬ 
ture  dependence  of 
the  coefficient  of 
thermal  expansion 
of  boron  nitride.* 


1  Coefficient  of  thermal 
jexpanelon,  <10-6 

la  Parallel 
to  tlie  di- 
fe  etten  of 

S&p"- 

FefNhdi- 
oular  to 
the  di¬ 
rection 
of  hot 

CM»*1R£ 

25—350 

25-700 

25—1000 

10.15 

6,06 

7,51 

0,59 

o,«e 

0.77 

•Coefficient  of 
thermal  expansion  is 
measured  for  samples 
with  a  porosity  of 


On  the  average  the  coefficient  of  thermal  expansion  is  about 
2  •10“'“’  dec-1.  Nevertheless,  the  relatively  high  thermal  conduction 
(perpendicular  to  the  C-axis  it  is  the  highest  among  all  the  known 
dielectrics)  and  peculiarities  of  the  structure  condition  the  high 
stability  of  articles  of  3N  opposite  the  thermal  shock  [638].  This 
pertains  only  to  ary  articles,  whereas  humid  samples  are  destroyed 
already  with  thermal  cycling  of  20-600°C  due  to  the  mechanical  effect 
of  tne  evaporating  moisture  [641].  In  a  powdery  state  of  boron 
nitride,  especially  produced  by  the  reaction  in  the  gas  phase 
between  BCl^  and  with  bulk  density  of  approximately  0.1  g/cni~3 
is,  just  as  carbon  black,  a  different  heat  insulator. 

i-’rom  calorimetric  measurements  [642]  there  results  the  following 
dependence  of  molar  heat  capacity  of  pure  BN  on  temperature  ih  the 
interval  from  400°  to  900°C 

C,  =  5.030+  12,6192  •  l(T*(t-~  22)-  6,5770- 10“*  (/  -  22)-*. 

Kelley  for  molar  heat  capacity  in  the  interval  from  0  to  900°C 
(accuracy  *5$)  proposes  another  dependence 

c,~  ;.6i  •M,ooi<r*r. 

The  measurement  of  heat  capacity  of  boron  nitride  at  low 
temperatures  carried  out  in  [638]  showed  that  within  limits  of 
temperature  of  20-65°K  the  heat  capacity  obeys  the  law  of  the 
square  of  absolute  temperature  (and  not  the  law  of  the  cube,  as  it 
would  correspond  to  the  Debye  law) 

Cv 5=3  14,4-a/?T*/0, 

wnere  -  molar  heat  capacity. 

This  is  explained  by  the  laminar  structure  of  nitride  and  the 
presence  in  it  of  quasi-two-dimensional  lattices. 


Table  85  gives  values  of  enthalpies  and  heat  capacity  of  BN 
according  to  [6553*  which  are  confirmed  in  work  [7753. 


Table  85.  Enthalpies 
and  heat  capacity  of 
boron  nitride  [6553.* 


r.*K 

Hj—Hq  1 

Cp 

r.  *  K 

1*7 “w59» 

CP 

300 

7.45 

4,69 

1000 

5998,4 

10,6 

400 

559,2 

6,28 

1100 

6975,2 

10.9 

500 

1252,2 

7.50 

1200 

8084,4 

11.2 

600 

2051,4 

8,42 

1390 

9218,6 

11.4 

700 

2929,4 

9,09 

1400 

10371 

11,5 

800 

386S.5 

9.66 

1500 

11537 

11.7 

■900 

4860,5 

10,2 

1600 

12708 

11.7 

#For  composition 
B  -  42.81,  N  -  56,85  * 
*  0.4J5. 


The  characteristic  temperature  of  boron  nitride  0  =  598°K. 

Thermodynamic  properties  and  behavior  of  boron  nitride  at  high 
temperatures  are  most  fully  investigated  in  work  [6433.  Data 
obtained  here  are  represented  in  Tables  86-89. 

Table  86.  Isobaric 
potential,  of  equi¬ 
librium  constants 
and  pressure  of 
nitrogen  of  the 
reaction  BN  =  B  + 


r.  *K 

Ai'. 

ko*l 

-l*K 

'K,. 

1500 

29.4 

4.29 

2,62.10-® 

1600 

27,2 

3,72 

2,66.  MT* 

1700 

25,1 

4.88 

1,66.10-* 

1800 

23,1 

2,81 

2,44'Kr* 

1S00 

21.0 

2,42 

1,48.10"* 

2000 

19.* 

2.11 

6,17.  KT* 

2100 

16.8 

1,75 

3.11.KT* 

2200 

14.7 

1.47 

l,16-l<r» 

2300 

12,7 

».21 

3,7610"* 

, 

'11 


VS Mb 


i.tuit;  w(.  xaooaric  potential, 
of  equilibrium  constants  and  pres¬ 
sure  of  nitrogen  of  the  reaction 


TO 


=*’~ 


fd3 


+  1/2 


2 ' 


# 


r.  *K 

AZ'. 

kcal 

m 

PS,. 

AZ* , 

koal 

m 

^N,.  at. 

2500 

23.2 

2.03 

2.80.Kr* 

63.2 

5,64 

2600 

>7.9 

1.51 

6.25- !0“! 

57,9 

4.86 

— 

2700 

12,5 

1.01 

1,31.10— 1 

52,6 

4,25 

— 

W‘ 

7  0 

0,57 

2.6710“* 

47.2 

3.66 

2,2210-* 

rt 

A  », 

£■  ' 

0,14 

5,12.10—* 

41.8 

3,16  | 

4,97.10“* 

?• 

1 

1  1 

l 

>1 

3S.6 

2,67- 

1 ,06.10“* 

*Tz‘  ,  Kj  and  P,'. 
aZ'1,  hi,  and 


correspond  to 
heat  of  reaction 
of  163  kcal. 
heat  of  reaction 
203  kcal. 


Table  88.  Iso- 
baric  potential 
and  pressure  of 
sublimation  of 
reaction  BN  = 

_  n*r  TO 


T,  ‘K 

AZ*. 

koal 

/’bn-  at. 

2500 

44,4 

1,1410“* 

2600 

,40,0 

4.25-I0- 4 

2700 

35,6 

1,21*10“* 

2800 

31,3 

3,15-10“* 

2900 

26,9 

9,12.10“* 

3000 

22,6 

1 

2,10-10“* 

Table  89.  Isobaric  poten¬ 
tial,  of  equilibrium  con¬ 
stants  and  pressure  of 
boron  nitride  of  reaction 


ra: 


+  1/2 


=  BN 


ras 


r.  *K 

AZ, 

A  cal 

10* 

p’n,.  at. 

At. 

2500 

9* 

24,4 

1,35 

2,80- 10“2 

1,3.10“* 

2600 

22,2 

1,32 

2,65-10“* 

4,2- ur* 

2700 

23,1 

1,29 

1,34  10“* 

1 .3-10-* 

2800 

24,3 

1,26 

2,67-  iU“* 

3,6.10“* 

2900 

25,3 

1,23 

5,12  11)“* 

8,8.10“* 

3000 

26,3 

I,«0 

>» 

— 
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The  temperature  dependence  of  the  elasticity  of 
boron  nitride  is  expressed  by  equation 


-1J _ _  -  4  .4.4  .... 


UJLOSU^xauxvjii 


yi 


lg  p (mm  Hg)  -  4,0  — -^2. . 


The  heat  of  combustion  of  boron  nitride  BN  +  3/4  0o  = 

10  c. 

-  1/2  B„0o  +  1/2  N0  is  equal  to  90.2  kcal/mole.  At  a  heat 

d.  3  dMOptpH  <L 

of  formation  of  B20^  301.8  *  1.4  kcal/mole,  for  the  heat  of  format! 
of  BN  from  elements  a  value  of  60,7  kcal/mole  is  obtained  [6^4], 
which  sharply  differs  from  the  old  data  of  Roth  (33*5  kcal/mole) 

[61*53- 

A  similar  value  of  the  heat  of  formation  is  obtained  calorime- 
tricaily  and  in  [1020],  and  it  is  equal  to  59.97  *  0.37  kcal/mole. 

The  boron  nitride  is  melted  under  the  pressure  of  nitrogen 
(for  suppression  of  dissociation)  at  a  temperature  of  3000°C  [646]. 

The  energy  of  dissociatior  >f  BN,  according  to  [611],  is 

within  limits  of  93-203  kcal/mo '  ; . 

*• 

The  spectrum  of  vapors  of  boron  nitride  gives  two  groups  of 
lines:  one  from  4371.2  to  3772.7  A  and  the  other  —  from  3496.0 
to  2180. 0  [642]. 

The  radiation  factor  of  nitride  of  boron  (monochromatic,  v/hen 
X  3  655  my)  decreases  within  limits  of  temperatures  of  800-170C°C 
from  0.64  to  0.62  [340]. 

Thermoemission  properties  of  boron  nitride  were  studied  with 
the  application  of  nitride ' powder  on  the  binder  on  the  tungsten 
core  [170].  JThe  saturation  current  at  2000°K  is  equal  to  3.04  A. 
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•  *  *  -  >  * 

tx^l  #  ,  T 

* .  , 

■AnHifiportant  property  of  boron  niti*ide  is  the  ability  to  be 

luminescent,  which  was  noticed  by  Balmain.  This  ability  was  explained 

by  many  authors  by, the  effect  of  impurities  of  boric  anhydride  and 

w 

caroon  and  the. presence  in  "amorphous"  nitride  of  its  crystal  form. 
Remele  [647]  observed  in  1911  effects  of  the  action  on  a  photographic 
film,  ionization  of  air,  formation  of  ozone,  and  the  cause  of 
fluorescence  of  the  screen  covered  by  barium  cyanoplatinate .  It  was 
noted  that  such  properties  were  possessed  only  by  boron  nitride 
prepared  from  borax  and  boric  anhydride  [648].  Similar  works  were 
conducted  by  Tiede  and  his  colleagues  .[649-652] .  Luminophor  properties 
are  possessed  by  a  crystallized  boron  nitride  (recrystallized  through 
the  melt  of  boric  anhydride,  borax,  chloride,  sulfate  and  sodium 
phosphate!  [633 ].  In  the  work  the  following  conclusions  are  made: 


1)  ttfl  Activation  of  boron  nitride  by  metals  in  contrast  to 
usual  ory»iiiluminophors  does  not  cause  luminescence; 


M 


2)  activator  is  carbon,  which  at  low  concentrations 

Induces  trail  blue  and  at  high  -  yellow  glow  of  the  phosphor; 


3) 


•increase  in  the  content  of  boric  anhydride  in  the  B!!- 


phosphor  ^dpnges  the  color  of  the  glow  from  blue  to  a  pale  green; 


4)  the  nitride  is  activated,  well  as  a  lumiiophor  with  excitation 
by  light,  ultraviolet  rays  and  X-rays,  a-particles  and  electrons 
(with  excitation  by  light  a  very  strong  afterglow  is  revealed  for 
5  min,  and  with  cathode  excitation  the  afterglow  very  weak); 


5)  the  glow  is  stably  maintained  with  an  increase  in  tempera¬ 
ture  up  to  700-8G0°C. 

A  detailed  investigation  of  luminescent  properties  of  boron 

♦ 

nitride,  obtained  by  different  methods  and  with  different  activators, 

is  carried  out  in  [1088],  In  work  [1089]  the  electroluminescence  of 
» 

a  very  pure  boron  nitride  is  investigated,  and  it  is  shown  tbftt  the 
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dependence  of  the  Integral  brightness  on  voltage  can  be  represented 

by  expression  . 

Boron  nitride,  obtained  at  a  temperature  of  1200° C  by  the 
reaction  of  SCl^  and  NH^  in  a  gas  phase,  is  activated  by  the  chlorine 
remaining  in  it  [547].  It  fluoresces  in  ultraviolet  by  a  light- 
blue  color  and  reveals  a  strong  yellow-green  phosphorescence. 

As  was  noted  in  [654],  the  swelling  and  also  cracking  and 
destruction  of  articles  from  boron-containing  materials  with  neutron 
irradiation  connected  with  the  burning  out  of  isotope  B10  are  caused 
at  first  the  accumulation  and  then  the  separation  of  helium,  which 
formed  with  this  nuclear  reaction.  In  skelton  crystal  lattices 
helium  atoms  are  stored  to  a  considerable  degree,  which  in  the  end 
causes  disturbance  of  the  lattices  and  in  the  case  of  layer  lattices 
can  pass  between  the  latticed  layers,  and  the  effect  of  swelling 
can  be  reduced  to  a  considerable  degree.  This  pertains  in  the  first 
place  to  boron  nitride  the  effect  on  which  irradiation  by  neutrons 
should  be  insignificant. 

The  mechanical  properties  of  articles  baked  from  hexagonal 
boron  nitride  by  hot  .pressing  are  studied  in  detail  in  work  [638]. 

The  properties  greatly  depend  on  the  direction  of  measurements  — 
in  parallel  (j  j )  and  perpendicular  (  J.  )  to  the  direction  of  hot 
pressing,  and  the  properties  are  essentially  different.  The  tensile 
strength  with  compression  for  a  sample  with  a  density  of  2.12  g/cr.'5 
(4-5$  of  the  pores)  is  32  ana  24  kg/mm2.  The  elastic  modulus  and 
tensile  strength  with  a  break  sharply  decrease  with  temperature, 
especially  between  400  and  700°C  (Table  90  and  Fig.  102).  However, 
v/ith  a  further  increase  in  temperature,  as  was  revealed  in  investi¬ 
gation  [1090],  the  strength  of  the  boron  nitride  is  again  increased, 
reaching  a  maximum  at  1500°C  ^Fig.  103).  Boron  nitride,  hot  pressed 
at  low  temperatures  (900°C),  which  contains  up  to  1^%  boric  anhydride, 
after  neating  m  a  vacuum  at  1400°C  reveals  in  the  beginning  a  certain 


increase  in  strength,  anu  then  the  strength  decreases  with  time 
[641] .  According  to  the  same  data,  t lie  evaporation  of  boric  anhydri 
from  boron  nitride  in  argon  or  nitrogen  at  l800°C  causes  a  lowering 
of  the  strength  by  70% . 


Table  90.  Temper¬ 
ature  dependence 
of  strength  and 
elastic  modulus  of 
boron  nitride. 
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Pig.  102.  Temperature  dependence 
of  tensile  strength  of  boron  nitride: 
1  -  in  parallel  to  the  direction 
pressing  of  the  sample;  2  -  perpen¬ 
dicular  to  the  direction  of  pressing. 
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ane  jenuang  strengun  Ox  uui'ori  rutri ue  an  px-eiutace  as  nuu  wianj'eu 
up  to  1900°K  (at  1500°K  an  insignificant  increase  in  strength  is 
observed)  [970]. 


The  relatively  high  n.ecr.sn leal  strength  of  articles  fro:;,  boron 
nitride  perr.its  treating  tne:.:  ay  cutting  [63b] .  V/ith  the  growth 
in  ther,  of  the  content  of  boric  annydriue,  the  workability  of  then 
considerably  worsens  [641].  by  machinin'"  it  can  be  prepared  fron 
boron  niuriue  complex  articles  -  tnreadeu  idts,  nuts  run  so  or, 

( Pig .  104,  according  to  [641]). 


Pig.  104.  Article  of  boron  nitride. 

The  hardness  of  boron  Mtriue  is  equal  to  1-2  on  the  nineralogic 
scale  [656];  however,  it  is  cn&r.ged  substantially  in  the  presence 
of  boric  anhydride  and  otr.er  i...ourities .  The  specific  surface  of 

p 

tne  powder  of  boron  nitride  cc'prioes  20,000-40,000  c.r'/g.  The 
exceptional  fineness  of  particles  of  the.  powder  of  boron  nitride, 
together  with  peculiarities  of  its  structure  anc.  low  hardness, 
conditions  its  luori eating  properties  higher  than  that  for  graphite 
and  molybdenum  disulfide. 

The  friction  factor  of  t..e  freshly  cut  surface  of  boron  nitride 
is  0.03-0. 07  >  and  with  repeated  'wear  it  increases  fro:-.  0.11-0. 2  j. 
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According  to  £657  3 »  the  friction  factor  increases  at  a  temperature 

of  150°C  up  to  O.J*  and  at  600°C  decreases  down  to  0.1,  which  is 
explained  by  the  fusion  of  the  Impurity  and  the  appearance  of 

liquid  lubrication.  At  900°C  the  magnitude  of  the  friction  factor 
considerably  increases  owing  to  the  intense  oxidation  (see»also 
i 1091 j ) . 

•  *  # 

Articles  from  boron  nitride  are  resistant  to  abrasive  wear.' 
For  example,  the  stability  to  the  action  of  sand  is  equivalent  to 
the  stability  to  the  action  of  glass. 


The  coarseness  of  particles  of  boron  nitride  considerably 

depends  on  the  method  of  production.  In  work  [658]  dimensions  of 

crystals  were  measured  by  the  roentgenographic  method:  the  width 

.  df  the  graphite-like  layer  L  and  thickness  of  the  packet  of  parallel 
•  a 

layers  L  of  boron  nitride  obtained  by  different  methods.  The 
c 

interlayer  distance  is  measured  also.  Results  of  the  measure¬ 

ments  are  given  in  Table  91  and  are  shown  on  Fig.  105.  For  boron 
nitride  BN, 'obtained  by  means  of  gas  phase  reactions,  d^0Q2^  is 
larger  and  L0  and  L  smaller  than  for  that  BN  obtained  by  means  of 

f  • 

aoiid«*gaj|jjjPba3e  or  solid-solid-phase  reactions.  The  crystallinity 
of  BN''is  dfQfe;  noticeable  with  an  increase  in  the  temperature  of 
the  reaction. and  temperature  of  annealing  of  the  formed  nitride, 
where  for  BN,  obtained  according  .to  the  solid-solid-phase  reaction, 
it  is  observed  to  a  larger  degree  .than  for  BN  obtained  according  to 
the  gas  phase  reaction. 


Table  91.  Dependence 
of*  dimensions  of  crys¬ 
tallites  of  boron 
nitride  from  the  method 
and  temperature  of 
production  [658]. 


Method  tf  T*np«  m- 
pr»4u*9i*n  tur*  *f 
WMtJin 


'X*  ^  A  k 


SCl.-fNH, 
Dtfpppo.'  Itlon 

bci,.«nh, 

BA+NH* 

N^BA-rNH, 

•A+NaNH, 


900  3,619  45  12 

1030  3.591  49  IS 

800  3,62?  56  ljl 

1000  3,501  M  || 

800  3,369  71  43 

1000  3,339  290  M 

300  3.319  365  W 

1O00  3.339  IJ6*  2|g 

800  3,399  243  l» 


« 
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Fig.  105.  Growth  of  crystals  of  boron  nitride 
with  heat  treatment  (annealing  in  a  medium  of 
nitrigen  at  200  mm  Hg):  1  -  after  synthesis; 

2  -  annealing  at  1J!00°C;  3  -  annealing  at 
1600°C;  4  —  annealing  at  ,1800°C;  5  -  annealing 
at  2000°C ;  o  -  BN  obtained  by  the  reaction  of 
BCl^  and  obtained  by  the  reaction 

B2O2  and  NH^. 


The  powder  of  boron  nitride  usually  consists  of  agglomerated 
particles.  Such  agglomerates  have  the  form  of  either  a  circle  with 
a  diameter  of  ^1  ym,  or  the  form  of  stretched  plates  with  transverse 
dimension  of  about  0.5  and  length  up  to  20  ym. 

The  roentgenographic  investigation  of  linear  compressibility 

O 

of  boron  nitride  at  pressures  of  up  to  160,000  kgf/cra*'  [ G 59 J  gave 
the  following  dependence: 


~  -  34  •  10 -Tp  -  54  •  10-‘V- 


The  compressibility  of  hexagonal  boron  nitride  at  higher 
pressures  (up  to  300  kbar)  is  investigated  in  work  [992].  It  was 
determined  that  the  compressibility  of  boron  nitride  at  all  pressure 
is  higher  than  that  for  graphite.  At  moderate  pressures  it  is 
considerably  more  than  that  for  diamond,  and  at  high  pressures  it 
is  considerably  less  than  that  for  diamond. 

Cubic  boron  nitride  g-BN.  Under  high  pressure  the  hexagonal 
boron  nitride  passes  to  cubic  modification  similar  to  the  transition 
of  hexagonal  graphite  into  cubic  diamond.  Indications  about  the 
cubic  modification  of  boron  nitride  have  been  available  for  a  long 
time  [660],  [110],  Cubic  boron  nitride  B-BN  was  produced  by  R. 
Uentorfom  in  a  laboratory  of  the  firm  "General  Electric"  United 
States  [661,  662,  563]  and  called  "borazon."  Crystals  of  cubic 
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uGi'-Oii  nitride  were  produced  at  high  pressures  (4p-75  kbar)  anu 
temperatures  ( 1200-2000®C )  from  mixtures  of  the  hexagonal  nitride 
and  nitrides  of  Li  or  Mg  (as  catalysts)  with  additions  of  certain 
impurities  [664].  The  auaition  of  0.01-1X1  Be  in  tne  form  of  a  metal 
or  salt  causes  the  formation  of  crystals  of  cubic  nitride  of  p-type, 
blue  color,  witn  an  electrical  resistance  of  lO^fi.cm  (in  certain 
cases  samples  with  p  -  200  a* cm  are  produced).  The  activation 
energy  of  conaucti vity ,  determined  from  measurements  of  electrical 
resistance  in  the  interval  of  temperatures  of  25-400° C,  comprises 
0,,  19 -r0 . 23  eV .  The  type  of  conductivity  was  determined  according  to 
the'  sign  of  the  thermoelectromotive  force.  It  is  assumed  that 
beryllium  replaces  boron  or  nitrogen  in  the  lattice  of  a  cubic 
BN.  The  addition  instead  of  beryllium  of  elementary  sulfur  leads 
to  the  formation  borazon  of  the  n-type,  pale-yellow  color,  with  an 

i  i| 

electrical  resistance  of  10-10  fi.cm.  Sulfur  replaces  nitroren 
in  borazon,  which  is  indicated  by  the  existence  of  the  compound 
oS  with  cubic  lattice,  which  forms  at  high  temperature,  and  pressure. 

The  activation  energy  cf  conductivity  of  borazon  of  the  n-type.  in 
the  interval  of  temperatures  of  25-250°C  is  0.C5  eV.  With  the 
audition  to  the  initial  mixture  of  compounds  containing  nitrogen  and 
carbon,  crystals  i~Bd  will  be  formed  with  p  «  10  -10'  fi*cm  and 
activation  energy  of  conductivity  of  0.28-0.41  eV.  Sometimes  6-BM 
witn  3  =»  10°-10^  fi.cn  will  be  formed  directly  from  the  initial 
mixture  of  nitrides  of  boron  and  lithium  either  of  magnesium  without 
any  admixtures,  possibly,  due  to  the  effect  of  the  impurity  of  oxygen. 
The  contact  of  p-BN  with  n-BN  and  p-BN  with  diamond  (baked  A1  or 
. )  reveals  the  rectifying  action.  Measurements  were  conducted  on 
a  direct, current  of  i0~^  A  and  voltage  of  5  V. 

i 

Tne  authors  [1014]  produced  a  p-type  BN  (from  a  mixture  of 
l  part  by  weight  Be,  4  parts  by  weight  of  lithium  nitride,  150  parts  by 
weight  of  hexagonal  boron  nitride  under  a  pressure  of  58  kbar  at 
2000°C  for  15  min).  Its  resistance  proved  to  be  equal  to  1.10-^ 
to  5*10”^  il  *  cm . 
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According  tc  recently  published  results  [106/3 ,  the  specific 
surface  energy  of  cubic  boron  nitride  is  equal  to  4720  erg/cm^ 
which  yields  only  to  the  magnitude  of  surface  energy  of  diamond 
(5378  erg/cm^).  According  to  thr  same  data,  the  width  of  the 
forbidden  band  of  borazon  is  equal  to  about  10  eV,  i.e.,  pure  borazon 
is  a  dielectric. . 

In  work  [665]  by  the  method  of  the  self-consistent  field  energy 
bands  of  cubic  BN  are  calculated  and  it  is  shown  that  the  energy  of 
the  gap  between  the  bonds,  which  can  be  accepted  as  the  v/idth  of 
the  forbidden  band,  is  equal  to  about  3  eV.  The  zonal  structure 
of  borazon  is  also  investigated  in  [ 1093 J « 

Gelier  [666]  examined  the  bond  B-N  in  hexagonal  ana  cubic  boron 

O 

nitride.  The  distance  of  B-N  in  cubic  BN  (1.57  A)  is  greater  than 
that  in  the  hexagonal  (1.45  X).  A  reduction  of  bond  length  leads 
to  a  greater  change  in  energy  than  that  for  the  C-C-bond.  The 
binuing  energy  in  cubic  BN  is  4  kcal/mole  and  in  the  hexagonal  2-3 
kcai/mole  per  0.01  5L  The  binding  energy  in  cubic  BN  (35  kcal/mole) 
is  lower  than  that  in  diamond  (34.9  kcal/mole). 

The  e^ctron  circuit  of  the  formation  of  borazon  can  be 

represented  in  the  following  way.  Boron  atoms,  which  have  in  an 

2 

isolated  state  a  configuration  of  valence  electrons  s  p,  as  a  result 

? 

of  s  +  p-transitior.  acquire  a  sp  -configuration,  and  then  due  to 

■3 

the  attracting  of  a  mobile  electron  of  nitrogen  atom  —  sp  -configura¬ 
tion.  Valence  electrons  of  the  nitrogen  atom  accomplish  accordingly 

2  3  4  3 

the  following  transformation:  s  p  ■>  sp  sp  +  p  and,  transferring 

•3 

the  p-electron  to  boron,  obtain  sp  -configuration.  Thus,  in 
borazon  there  is  created  a  high  statistical  weight  of  the  atoms 
possessing  sp^-configurations  of  localized  electrons,  which  ensu-es 
a  cubic  diamond-like  structure  of  this  bond.  However,  the  statistics 
mobility  of  the  p-electron  of  the  atom  of  the  nitrogen  causes  a  certa 

■3 

lowering  of  the  statistical  weight  of  the  sp  -configurations  of  atoms 
of  boron  and  nitrogen,  which,  in  turn,  conditions  the  smaller  binriin- 
energy,  the  less  high  electrical  resistance,  smaller  width  of  the 
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l  orb  J.UUCU  band  and  Sinai lc T  n  a  T  d  H  S  3  3  b  C  I*  £  Z  G  n  33  Compared  to  diamond. 

On  the  other  hand,  the  smaller  part  of  rigid  directional  bends  in 
the  lattice  of  borazon  causes  a  somewhat  greater  degree  of  freedom 
with  thermal  exitation,  in  particular,  a  higher  temperature  of  the 
polymorphous  transformation  in  hexagonal  nitride,  which  according 
to  certain  data  consists  even  2000°C  [662],  when  for  diamond  it 
lies  in  the  region  of  900°C.  For  this  reason  borazon  possesses 
greater  thermal  stability  than  does  diamond  and  considerable  more 
impact  strength  [667]  as  a  result  of  the  obtaining  of  the  well-known 
"plasticity,"  induced  by  the  appearance  of  a  certain  statistical 
portion  of  nonlocallzed  electrons. 

Tne  density  of  borazon  is  3-^5  g/cm  ,  and  the  lattice  constant 
a  *  3.615  A. 

Physical  properties  of  the  rhombohedral  modification  of  boron 
nitride  y-3;i  are  practically  not  studied.  Table  92  gives  basic 
properties  of  boron  nitride  of  three  modifications  (see  also  survey 
L  1 0  9  ‘*  ]  )  • 


Tat le  92.  3aslc  properties  of  modifications  of  boron  nitride. 

haraotorlotlo  g-BN  y  -B 


Content  of  boron,  wolght,  it 

Jrjxial  structure 


Lattice  constants  X 


Hexo^onol  type 
of  grmphite 


Cubio  typo  of 
diamond 


Rhombohodral  typo 
of  fj -graphite 


»i»mu  i<  uj  iwvjMa  w 


Table  92  Confd. 


Character!  itlo 

a -bn 

8 -BN 

y-BN 

Melting  point.  SC  (under  preeeure 
of  nltrogon) 

'U  3000  [0463 

- 

Entropy,  oal/aole.deg 

20.77  [634] 

- 

- 

Speolfio|heat,  oal/mole.aeg 

4.65  [655] 

- 

— 

Thermal  ordustion,  oel/on.s.deg 

0.036-0.059  [638] 

- 

- 

Speoiflo  eleotrloal  reslstanoe,  Si. cm 

<V  1013  [638] 

103-104  [664] 

- 

Mohs  hardness 

1-2  [648] 

“V10  [661-663] 

Elastic  limit  with  compression,  kg/wm? 

24-32  [638] 

- 

* 

Elastlo  limit  with  extension,  kg/mP 

5.11-11.12  [638] 

- 

- 

Elastio  modulus,  kg/mfi 

3440-8650  [638] 

- 

- 

CoefflolenT  of  xhermal  expansion 
xlCT6,  dag*3 

0.5-1. 7. 10’6  [628] 

- 

- 

Index  of  refraction 

1.74  [638] 

2.22  [664] 

' 

Double  refraction 

0.3 

- 

- 

Chemical  properties.  In  a  chemical  respect  boron  nitride  is 
stable  in  a  neutral  and  reducing  gas  media.  Hydrogen  and  iodine 
do  not  act  on  nitride,  and  it  reacts  with  chlorine  with  a  red 
.  incandescence,  forming  trichloride  boron.  The  chlorination  of  hot- 
pressed  samples  from  boron  nitride  occurs  very  slowly  at  a  temperature 
of  700°C  and  rapidly  at  1000°C  [638]  (Table  93)-  By  dry  oxygen  and 
C02  BN  oxidizes  rapidly  at  a  temperature  of  700-800°C  with  the 
formation  of  3^0,  +  Nj.  With  the  action  of  humid  air,  boiling  water 
or  diluted  acids  it  hydrolyzes  with  the  formation  of  ammonia  and 
boric  acid.  The  active  oxidation  of  powder  of  boron  nitride  by 
humid  air  occurs  at  a  temperature  of  800-900° C,  and  with  a  two-hour 
heat  treatment  in  air  at  I000-1100°C  the  degree  of  its  oxidation 
comprises  96-97$  [668].  The  oxidizability  of  nitride  powder 
substantially  depends  on  the  temperature  of  its  preliminary  heat 
treatment  ( "stablization" ) .  Thus  with  an  increase  in  temperature 
of  the  preliminary  heat  treatment  in  a  nitrogen-containing  medium 
from  1000  to  1600°C  the  rate  of  its  oxidation  decreases  four  times 
[6391. 


3£^ 


ft 

vl 

1 

Table  93,  De- 
;  crease  of  weight 
with  chlorina¬ 
tion  of  boron 


p 

nitride,  mg/cm  . 


Increased  especially  sharply  is  the  resistance  of  boron  nitride 
to  oxidation  with  its  preliminary  heat  treatment  in  nitrogen  at 
temperatures  of  2200-2400°C;  at  these  temperatures  the  specific 
surface  of  the  nitride  powder  is  greatly  reduced,  and  its  resistance 
to  oxidation  approaches  resistance  of  compact  boron  nitride  obtained 
by  hot  pressing  [1030].  Oxidation  of  nitride  powder  starts  at 
770° C  and  occurs  slower  the  more  the  nitride  powder  is  contaminated 
by  boric  anhydride.  At  higher  temperatures  volatilization  of  B20^ 
predominates,  and  the  powder  is  oxidized  at  a  high  rate.  Hot- 
pressed-,  quite  dense  samples  of  boron  nitride  (porosity  of  4-55') 
oxidized  the  air  weakly.  The  decrease  in  weight  of  the  samples 
with  oxidation,  according  to  data  of  [638],  is  given  in  Table  94. 

1 

Table  94,  De¬ 
crease  in  weight 
with  oxidation 
of  boron  ^nitride 

in  air,  mg/cm2. 


With  carbon  the  boron  nitride  reacts  at  temperatures  above 
2000°C  with  the  formation  of  boron  carbide  and  nitrogen  carbide 
[669],  and  with  the  reaction  with  refractory  metals  or  their  carbides 
at  high  temperatures  corresponding  borides  will  be  formed  [670 , 

671].  The  resistance  of  boron  nitride  in  the  form  of  hot-pressed 
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samples  in  different  corrosion  media  at  room  temperature  in  the 
course  of  seven  days  is  investigated  in  [638] ,  and  the  obtained 
results  are  given  in  Table  95*  Samples  of  stabilised  boron  nitride 
sufficiently  are  stable  at  a  temperature  of  190“300°C  in  HC1, 

HgSOjj,  (pure  and  with  additions  of  oxidizers  —  KMnO^,  K2Cr26y, 

KC10j|).  The  most  rapidly  decomposed  is  5%  HgSO^,  and  the  best 
activator  of  the  decomposition  is  KCIO^. 


Table  95.  Corrosion  resistance  of  boron  nitride. 


Corrosion  medium 

Decrease 
in  weight 

2 

mg/crn . 

Decrease  in 
tensile 
strength  of 
samples*  with 
extension 

(concenO 

None 

None 

H2SO^  (20%  concen.) 

10.7 

60 

H^POjj  (concenO 

1.3 

23 

HP  (concen.) 

17.5 

55 

HNO^  (concent 

8.9 

70 

NaOH  ( 20 %.  concent 

8.9 

82 

cci4 

1.3 

20 

Gasoline 

1.6  \ 

None 

Benzine 

0.4 

None 

Ethyl  alcohol 
(95%  concenO 

14.6 

48 

Acetone 

13.0 

32 

■  ■■■  ■  ■■■  "■  p 

*The  initial  value  o  was  5.18  kg/mm  . 


In  the  chemical  analysis  of  boron  nitride  for  the  content  of 
nitrogen  (according  to  K’dal  [Translator’s  note:  name  not  verified]) 
it  is  usually  decomposed  by  boiling  concentrated  HgSO^  with  an  addition 


of  K^SOjj .  Methods  of  chemical  analyses  of  boron  nitride  are  given 
in  [276,  6733. 

Fluoric  acid  strongly  acts  on  boron  nitride.-  Hot  alkalis 
decompose  it  with  the  separation  of  ammonia  [57^3 

3BN  -f  3H,0  +  30H"  —  (BOJb  +  3NH,-  ' 

Boron  nitride  is  not  moistened  by  melted  glass  at  750°C  in  air; 
lead  glaze,  which  melts  at  850-900° C,  moistens  the  nitride  in  air 
but  does  not  moisten  it  in  an  inert  gaseous  environment;  the  nitride 
is  moistened  by  boron  phosphate  at  1*100° C  in  nitrogen.  Silicon, 
aluminum,  bronzes  do  not  moisten  the  nitride  [6*113.  The  last  one 
also  almost  does  not  interact  with  the  melt  of  cryolite. 

The  hexagonal  boron  nitride  adsorbs  argon  just  as  graphite, 
and  the  distinction  in  heats  of  adsorption  of  argon  by  these  substances 
is  small  (2.2  kcal/mole  for  the  nitride;  2.3  kcal/mole  for  graphite), 
and  in  this  case  the  adsorbed  argon  film  is  nonlocalized  [6753. 

In  the  reaction  with  gas  flows  having  high  speeds,  at  tempera¬ 
tures  of  6000-7000°X  and  atmospheric  pressure  [6763  the  boron  nitride 

p 

rapidly  erodes  in  air  (0.117  ft/s ‘inch  )  and  slower  in  a  rocket 
exhaust  gas  (0.061),  and  also  in  nitrogen  (0.026).  An  analysis  of 
the  obtained  data  shows  that  increased  erosion  in  air  flows  only 
in  a  small  degree  can  be  attributed'  to  oxidation  and  basically  is 
caused  by  processes  of  mass  and  heat  transfer,  the  portion  of  which 
percains  to  76?  of  the  erosional  removal  of  nitride  (see  also 
[1092]). 

3oron  nitride  is  very  stable  in  lithium  vapors  at  a  temperature 
of  2000-2500°C  and  pressure  0.1-1  mm  Hg,  substantially  exceeding 
in  this  respect  all  other  fireproof  materials,  especially  oxides  of 
aluminum  and  zirconium  and  also  zircon  [6773* 
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High  stability  reveals  the  boron  nitride  with  respect  to  the 
effect  of  slags  formed  with  the  smelting  of  ferromanganese,  manganese 
and  silioomanganese,  not  being  destroyed  at  temperatures  of  1600-2000° C 
for  10-15  h  [678]. 

Methods  of  producing  boron  nitride.  Many  methods  of  producing 
hexagonal  boron  nitride. are  known,  and  they  can  be  classified  in 
the  following  way. 

1.  Heating  of  boric  anhydrides  boric  acid  or  borax  with 
cyanogen  sodium,  potassium  or  calcium  [625.  6793  with  amides  [7173 


BA  f  2N«CN  «  2BN  V  Na/>  *f-  200. 


The  reaction  was  carried  out  with  the  use  of  calcium  cyanide 
at  a  temperature  of  1200°C  [6303,  sodium  cyanide  at  2000°C  [680], 
hydrogen  cyanide  with  boron  at  750°C  [6813,  and  by  the  action  of 
urea  on  boric  anhydride  [6823.  All  these  methods  are  complicated, 
require  high  pressures  and  temperatures  and  give  as  a  result 
contaminated  nitride. 

m 

A  method  somewhat  better  described  in  a  patent  [7173  of 
producing  boron  nitride  by  means  of \ reaction  of  boric  anhydride  or 
boric  acid  or  its  alkali  salts  with  the  amide  of  alkaline  metal  in 
.the  interval  of  temperatures  210-1000°C  (in  most  cases  at  300-500°C). 
Of  the  amides  the  most  expedient  to  use  is  the  sodium  amide  NaHHg, 
and  of  the  boron- containing  compound  —  borax  or  boric  anhydride 

BA  +  3NaNHt «  2BN  +  NH,  +  3NaOR 
+  5NaNH»  =*4BN  +  NH*  +  7N*OK. 


The  process  is  carried  out  in  a  melt,  in  a  medium  of  ammonia, 
with  a  surplus  of  amide.  The  product  of  the  reaction  is  treated 
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with  wat#r'for  the  removal  of  Impurities  and  then  stabilized  with 
heating  at  a  temperature  of  1800-2200° C  for  2  hours.  Here  the 
nitride  becomes  resistant  tjq  the  aotion  of  aoids  and  alkalis.  The 
yield  of  boron  nitride  by  this  method  is  60-70# ,  which  considerably 
exceeds  the  yield  in  the  use  of  the  reaotion  with  potassium  cyanide, 
where  it  ojcmprises  22%. 

2.  Treatment  of  boric  anhydride  and  boric,  acid  or  its  salts 
by  chlorous  ammonium  [652.  683-6851 

^  ,4  ■  4-  ' 

and  also  by  chlorous  ammonium  with  additions  of  magnesium  [686]. 

In. the  last  case  two  parts  of  boric  anhydride  heat  in  a  mixture 
with  one  part  of  magnesium  and  three  parts  NH^Cl  at  a  temperature 
of  300° C.  Tiede  and  Tomaschek  [652]  carried  out  this  method  with 
the  use  of  borax,  a  mixture  of  which  with  NH^Cl  in  a  molecular  ratio 
of  1:2  is  heated 

2NH*Cl  +  NiM  -  3N«C1  +  HdO-f  2NH.  +  2BA. 

BA  +  W-*2BNf3HA 

The  produced  product  is  washed  with -water  and  dried. 

3.  According  to  Mayer  and  Zappner  [687],  boron  nitride  is 
produced  by  the  -transmission  of  current  of  boron  chloride  in  a 
ml-.ture  with  hydrogen . with  a  surplus  of  ammonia  through  a  quartz 
vube  heated  to  600° C.  Then  the  temperature  gradually  rises  approxi¬ 
mately  up  to  the  temperature  of  1000°C,  at  which  the  reaction 

4NH,  +  BCI,  «  BN  f  3NH«C1. 


occurs. 


;',sSC^. 


This  product  is  haatei*  at  1000® C  in  a  current  of  nitrogen. 

The  content  of  nitrogen  in  the  thus  produced  product  consists 
55.68*  (as  compared  to  56.02*  from  the  calculation  for  DM),  and  the 
content  of  BN  in  the  product  is  99  .M*. 

Later  this  method  was  patented  [7053  in  the  following  form. 

Boron  carbide  is  subjected  to  chlorination  with  the  formation  of 
trichloride  boron:  B^C  +  6C12  *  4BC13  +  C.  Then  BC13  is  treated 
by  ammonia:  BC13  +  4NH3  «  BN  +  3NHjjCl.  The  first  stage  is  carried 
out  by  the  passage  of  chlorine  above  boron  carbide  heated  to 
500°C,  and  the  second  -  with  heating  of  the  mixture  with  ammonia 
at  first  at  500-1000°C,  and  then  to  1600-2200° C  (optimum  temperature 
is  1800°C).  The  finished  product  is  stabilized  by  heating  at 
1000-2000°C . 

A  similar  method  of  the  formation  of  boron  nitride  is  used 
in  [57*0,  where  BN  was  produced  by  passage  of  the  mixture  Mg  +  BC13 
through  the  internal  nozzle  of  a  quartz  "injector’1  and  ammonia  - 
through  the  external  nozzle.  A  reaction  occurred  at  a  temperature 
of  800-1500° C,  and  the  layer  of  nitride  was  deposited  on  the  graphite 
plate  located  above  injector.  It  is  indicated  that  instead  of 
ammonia  it  is  possible  to  use  phosphorus  nitride  chloride  (NPC12) 
and  other  similar  compounds. 

In  a  patent  [706]  the  method  of  producing  boron  nitride  is 
described  by  the  reaction  in  a  gas  phase  between  ethylborate  (or 
methylborate)  and  ammonia  at  a  temperature  of  850-900° c  with 
subsequent  treatment  of  the  produced  product  by  ammonia  at  higher 
temperatures  (950-1100°C) .  The  yield  of  boron  nitride  in  this 
case  consists  up  to  96*,  the  content  of  boron,  up  to  42.9  and 
nitrogen,  up  to  54.4*. 

The  second  variant  of  methods  founded  on  the  use  of  boron 
halides  consists  in  the  reaction  of  bromide  boron  with  liquid 
ammonia  [68$3,  as  a  result  of  which  a  mixture  of  bromide  ammonia. 
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BHNHp)^  and  Br(NH)^  will  be  formed.  After  the  evaporation  of  the 
surplus  of  ammonia,  the  mixture  is  heated  at  750° C  in  a  current  of 
ammonia,  obtaining  in  the  dry  residue  of  boron  nitride.  Similar  to 
this  method  is  also  the  method  of  Stock  and  Blix  [691],  which 
consist  in  the  decomposition  of  BgNH^,  which  at  a  temt  rature  of 
125°C  quantitatively  decomposes  into  BN  and  ammonia.  Ihe  yield 
here  is  small,  but  the  nitride  produced  is  Very  pure. 


4 .  Treatment  of  boiric  anhydride  by  ammonia  [692.  693].  nitrogen 
or  ammonia  in  the  presence  of  carbon  as  a  reducer  [639.  694-698] 


BA  + 2NH,-2BN-f-3H«0. 


With  the  heat  treatment  of  boric  acid  in  a  mi/ture  with  carbon, 
in  the  current  of  nitrogen  at  a  temperature  of  1000-1100° C  the  yield 
of  boron  nitride  does  not  exceed  3-4*  even  at  great  pressures  of  the 
nitrogen  up  to  7  at,  [6963,  which  is  connected  with  the  formation  on 
the  surface  of  particles  of  boric  anhydride  in  the  current  of  ammonia 
of  a  very  thin  and  dense  film  of  nitride,  which  prevents  the  flow 
of  the  reaction  [685].  The  thickness  of  this  film,  according  to 
data  of  Podszus  [639],  with  heat^n^,  jfor  100  hours  of  boric  anhydride 
in  a  current  of  ammonia  at  a  tenqaerature  of  11C0°C,  consists 
10-20  urn. 

\ 

For  the  production  of  boron  nitride  the  authors  [69-4]  heated 
a  mixture  of  12  parts  by  weight  of  boric  anhydride  with  11  parts  by 
weight  of  carbon  in  a  current  of  nitrogen.  At  atmospheric  pressure 
and  a  temperature  of  about  170QCC  the  maximum  yield  consists  of 
26.62.  In  carrying  out  of  the  reaction  under  the  pressure  of 
nitrogen  of  70  at  and  at  a  temperature  of  1600°C,  yield  is  increased 
up  to  85.82. 

To  increase  the  gas-perme?*le  charge  and  reactionary  surface, 
besides  the  crushing  of  powder  of  the  initial  boric  anhydride,  it 
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is  proposed  to  boric  anhydride  on  linings  serving  to  increase  the 
interface  of  the  phases  and  also  to  introduce  into  the  charge 
substances  separating  with  heating  volatile  components.  Thus, 
in  work  [696]  it  is  reported  that  with  the  preliminary  heat  treatment 
of  1  part  by  weight  of  boric  acid  with  2  parts  by  weight  of  calcium 
phosphate  and  the  subsequent  heating  of  the  mixture  in  a  current 
of  nitrogen  in  a  graphite  tubular  furnace  of  a  mixture  of  2.5  parts 
by  weight  of  calcium  borate  and  1  part  by  weight  of  carbon  at 
l400°C. 

Two  variants  of  such  a  method  of  producing  boron  nitride  are 
known  [697].  One  of  them  is  calculated  for  the  creation  of  a  sponge 
of  boric  anhydride  with  a  very  porous  and  fine  structure  and 
consists  in  heating  up  to  1200° C  a  mixture  of  1  part  by  weight 
of  boric  acid  and  3  parts  by  weight  of  NH^Cl  with  the  passage  of 
ammonia  with  a  rate  of  1  Z/h'cm  , 

Another  variant  assumes  the  use  of  charges  with  linings  of  such 
compositions  (by  weight): 

3294H,BQ,  +  +•  3$%NH*C1. 

40%HJB(^  +  20%CaCb,  f  40SNH*a. 

455414,80,  f  l5%MgCQ,  +  40SNH1a. 

The  process  of  nitration  is  conducted,  just  as  in  the  first  case, 
for  24-40  hours  with  subsequent  washing  of  nitride  powder  by  acids. 

In  patents  [699,  707]  it  is  recommended  to  use  calcium  phosphate 
as  the  lining,  mixing  it  with  boric  anhydride  in  an  equimolar  ratio 
with  heating  of  the  mixture  in  a  medium  of  ammonia  ac  800-1000° C 
(optimum  temperature  is  900°C). 

The  same  recommendations  are  given  in  patent  [708],  but  as  a 
lining  calcium  phosphate  alone  is  not  used  but  its  mixture  with 


boron  nitride.  The  product  of  nitration  of  the  mixture  of  such  a 
lining  wit h  boric  anhydride  at  900°C  is  treated  at  first  by  acids 
for  the  washing  of  impurities  and  borio  antffdrlde,  and  then  it  is 
stabilized  by  heating  at  temperatures  of  the  order  of  1200-1500°C 
(the  duration  at  1200°C  consists  40-60  hours,  at  130b°C,  5-16  hours, 
at  1400° C  1-5  hours,  at  1500°C,  0.5-1  hour).  The  content  of  BN 
in  such  a  product  is  95%  t  the  density  is  1.9  g/cm^,  the  maximum 
dimension  of  particles  of  stabilized  boron  nitride  is  1.5  pm,  and 
average  dimension  is  about  0.3  pm. 


A  similar  kind  of  technological  processes  are  recommended  for 
production  [641]. 

As  the  lining,  which  consists  of  up  to  70%  of  the  weight  of 
the  charge,  Podszus  [639 J  used  boron  nitride,  and  nitriding  was 
carried  out  in  the  furnace  shown  on  Pig.  106  at  a  temperature  of 
1000° C .  Two  carbon  electrodes  1(8*8  cm)  with  copper  busbars 
2  ensure  current  feed  to  the  reaction  mixture  3.  Placed  between 
electrodes  is  a  thin  carbon  rod  9»  which  plays  the  role  of  a  heater 
at  the  beginning  of  the  process.  For  thermal  insulation  the  furnace 
is  lined  with  boron  nitride  4,  zircon  5  and  fire  clay  brick  6,  and 
further  an  iron  housing  7  with  approximate  fittings  follows. 

Ammonia  is  fed  through  the  pipe  8.  Furthermore,  he  developed  a 
furnace  for  the  continuous  process  of  production  nitride,  founded 
on  tne  counter  movement  through  the  pipe  of  the  furnace  of  boric 
anhydride  and  current  of  ammonia.  The  productivity  of  such  a  furnace 
with  a  diameter  of  60  mm  consists  0.6  kg  of  nitride  in  1  hour. 


Fig.  106.  Furnace  for  the  produc¬ 
tion  of  boron  nitride  (according 
to  Podszus ) . 


332 


The  profitableness  of  the  use  of  boron  nitride  as  a  lining 
is  confirmed  also  by  Moskvin  [653]* 

Boron  nitride  can  be  obtained  from  a  "sponge"  (BgO^  +  C) 
formed  by  the  dehydration  of  boric  acid  in  a  mixture  with  carbon 
[638].  The  sponge  is  placed  in  a  boat  of  boron  nitride  and  treated 
with  ammonia.  It  was  determined  that  it  is  most  convenient  to 
obtain  boron  nitride  by  means  of  treatment  of  the  charge  + 

by  ammonia  at  a  temperature  of  1100-1200°  [700,  701],  The  charge 
is  prepared  on  the  base  the  sinter  +  CaO,  produced  by  means 

of  heating  of  the  mixture  of  boric  ac’.d  with  chalk,  during  which 
there  occurs  the  dehydration  of  boric  acid  and  decomposition  of 
CaCO^  with  the  formation  of  a  very  thin  distribution  of  boric 
anhydride  over  CaO  particles  and  with  the  partial  formation  of 
calcium  borate  (Fig.  107).  With  the  ratio  of  components  in  the 
mixture  (in  moles)  H^BO^JNHfjCl.'CaSO^  *  1:1:0.25  boron  nitride 
produced,  almost  exactly  corresponding  to  formula  BH,  with  the  sum 
of  the  content  of  boron  and  nitrogen  close  to  100$,  and  the  yield 
reaches  92-93*  instead  of  70-80H  according  to  earlier  prooosed 
similar  methods.  It  is  necessary  to  note  that  in  such  a  way  the  most 
fine-grained  powder  of  boron  nitride  will  be  formed. 


Fig.  107,  Flow  diagram  of  production 
of  nitride  of  boron'. 

KEY:  (a)  Boric  acid,  (b)  Chalk,  (c) 

Mixing,  (d)  Charge  I,  (e)  Calcination, 

(f)  Sinter,  (g)  Crushing,  (h)  Sifting, 

(i)  Mixing,  (j)  Charge  II,  (k)  Kit riding, 
(1)  Washing,  (m)  Drying,  (n)  Trap, 

(0)  Powder  of  boron  nitride. 
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This  group  of  methods  of  production  of  boron  nitrides  includes 
heating  in  a  current  of  nitrogen  of  borate  calcium  in  a  mixture 
with  carbon  [643] 


CaB*0,  +  8C  +  3N,  ■=  4BN  +  Ct(CN),  f  7CO. 


For  producing  boron  nitride  for  luminophors,  heat  treatment  of 
borax  with  chlorous  ammonium  is  also  used  [702]. 

Authors  [703]  investigated  in  detail  the  process  of  nitration 
b20^  in  a  mixture  with  carbon  described  by  the  total  reaction 

BA  +  3C+N,  =  2BN  +  SCO. 

( 

In  this  case,  just  as  in  [638],  a  "sponge,"  produced  by  dehydration 
of  the  mixture  of  boric  acid  with  carbon  black  was  used. 

For  nitration  the  sinter  by  portions  of  200-300  g  each  were 
loadeu  in  graphite  boats,  which  were  placed  in  the  electric  furnace 
of  resistance  with  a  graphite  tubular  heater  (Tamm  furnace),  into 
which  current  of  nitrogen  purified  of  oxygen  and  moisture  was  fed. 

Results  of  a  preliminary  Investigation  showed  that  from  a 
charge  of  stoichionetrical  composition  of  71  wt.  %  of  H^BO^  and  29 
wt.  %  carbon  black  a  product  is  produced  which  is  greatly  contaminated 
by  carbon,  and  therefore  further  experiments  were  conducted  with 
charges  containing  a  smaller  quantity  of  carbon  black  -  25,  20,  15 
and  10  wt.  %  as  compared  to  29$  with  respect  to  stoichiometry. 

It  was  assumed  that  a  balance  will  be  reached  between  the  boric 
anhydride  remaining  in  the  charge  after  partial  volatilization 
and  the  decreased  content  of  carbon  black  in  the  charge,  and  partly 
the  deficiency  of  carbon  in  the  charges  will  be  replenished  due  to 
graphite  of  the  boat  and  pipe  of  the  furnace  by  means  of  transfer 
through  the  gas  phase  containing  carbon  monoxide.  Mixing  and 
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dehydration  were  conducted  just  as  it  was  above,  however,  the  time 
of  pulverizing  the  sinter  produced  from  a  charge  with  10%  carbon 
black  consisted  of  8-10  hours.  As  follows  from_Figs.  108  and  109, 
starting  from  the  temperature  of  nitration  of  l600°C,  in  most  cases 
the  sum  of  the  content  of  boron,  carbon  and  nitrogen  in  nitration 
products  is  close  to  100$,  which  indicates  the  termination  of  the 
process  of  reduction  of  the  boric  anhydride. 

The  maximum  content  of  nitrogen  in  products  of  nitration  is 
reached  at  10%  carbon  Dlack  in  the  charge,  evenly  descending  at  15 
and  20%  and  sharply  at  25%  carbon  black  in  the  initial  charge.  The 
yield  of  boron  nitride,  on  the  contrary,  is  increased  with  an  increase 
in  the  content  of  carbon  black  in  the  charge.  Products  produced 
with  large  contents  of  carbon  black  consist  of  a  mixture  of  carbide 
and  nitride  of  boron,  which  indicates  the  preferential  formation 
of  boron  carbide. 


Fig.  108.  Dependence  of  the 
content  of  nitrogen  in  nitration 
products  of  sinters  of  boric 
anhydride  with  carbon  black  on 
the  temperature  and  content  of 
the  carbon  black  in  the  initial 
charge:  1-10;  2-15;  3  - 
20;  4  -  25  wt.  %  of  carbon  black. 


Fig.  109.  Dependence  of  the  yield 
of  boron  nitride  on  the  content  of 
carbon  black  in  the  initial  charge 
and  the  temperature  of  nitration: 

1  -  10;  2  -  15;  3  -  20;  4-25 
wt.  %  of  carbon  black. 
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1 

The  mechanism  of  reduction  and  nitration  on  the  basis  of  the 
obtained  data  can  be  described  in  the  following  way.  The  above 
reaction  of  the  process  is  a  total  one  and  consists  of  reactions 
of  reduction  of  boric  anhydride  with  carbon  to  the  boron  and  the  .  ; 

carburization  or  nitration  of  the  latter.  At  small  contents  of  \ 

carbon  in  the  initial  charge  all  of  it  is  expended  for  the  reduction  i 

of  boric  anhydride,  and  the  boron  produced  is  nitrated  to  the  nitride,  I 

* 

and  the  surplus  of  boric  anhydride  volatilizes,  which  causes  the  5 

small  yield.  With  an  increase  in  the  content  of  carbon  black  in  the 

■i 

charge  the  quantity  of  reduced  boric  anhydride  is  increased,  and  • 

the  degree  of  nitration  of  it,  other  things  being  equal,  decreases  \ 

and  the  yield  increases.  With  25%  content  of  carbon  black  in  the  \ 

* 

charge  the  forming  reduced  boron  combines  with  the  carbon  into  ; 


carbide,  and  together  with  this  part  of  the  boron  is  nitrated  w ith  I 

the  formation  of  nitride.  From  Fig.  109  it  is  clear  that  the  maximum  i 

yield  of  boron  nitride  in  all  cases  is  attained  at  1600-1700°C  I 

I 

when  the  high  volatility  of  boric  anhydride  is  suppressed  by  reactions  \ 

of  reduction  and  nitration.  At  higher  temperatures  preferential  I 


value  is  given  to  the  high  volatility  of  the  boric  anhydride,  and 
the  same  is  observed  and  at  lower  temperatures  insufficient  for  the 
development  of  reactions  of  reduction  and  nitration,  as  was  shown 
in  [71*0. 

Gptimum  conditions  of  the  production  of  boron  nitride  are  the 
following:  the  use  of  charges,  with  the  nitration  of  which  there 
occurs  most  fully  the  process  of  reduction  of  boric  anhydride,  but 
there  does  not  remain  a  surplus  of  carbon  capable  of  com’  ining  with 
boron  into  a  carbide;  temperatures  at  which  process  of  the  reduction 
and  nitration  prevail  over  the  process  of  the  evaporation  of  boric 
anhydride;  the  time  of  nitration,  sufficient  for  the  nitration  of 
the  formed  boron.  Proceeding  from  results  obtained,  for  three- 
hour  nitration,  the  optimum  conditions  are  the  temperature  of  1700°C, 
and  the  most  favorable  content  of  carbon  black  in  the  initial  charge  - 
15%.  It  was  determined  that  the  yield  of  nitride  and  content  of 
nitrogen  in  it  can  still  be  increased  with  use  of  two-phase  nitration 
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at  temperatures  of  15GO  and  1700JC.  The  chemical  composition  of 
such  nitride  is  43.1-43.42  B,  55.2-55.92  N  and  up  to  0.12  C. 

Consequently,  unsatisfactory  results  of  experiments  of  Stahler 
and  El'bert  [694]  should  be  cited  due  to  the  use  by  them  of  not 
sinters  but  mixtures  of  boric  anhydride  with  carbon,  which  possess 
small  reaction  surface.  For  confirmation  of  this  in  the  work 
experiments  with  charges  produced  by  mechanical  mixing  are  conducted. 

It  is  revealed  that  the  yield  of  boron  nitride  does  not  exceed  3-42, 
and  nitration  products  are  greatly  contaminated  by  the  carbon. 

Thus,  it  is  shown  that  the  content  of  carbon  black  In  the  charge 
and  also  the  reduction  temperature  (nitration)  can  be  select.-  _n 
calculation  for  the  maximum  suppression  of  high  volatility  of  boric 
anhydride.  At  15  wt.  2  of  the  carbon  black  in  the  charge  H^BO^  +  c 
and  at  the  temperature  of  nitration  of  1700°C  there  is  attained  a 
composition  of  boron  nitride  close  to  stoichiometrical ,  with  a  yield 
of  60-702  as  compared  to  a  yield  in  262  and  low  quality  of  the  nitride, 
which  was  obtained  in  preceding  works  by  the  nitration  of  mechanical 
mixtures  of  boric  anhydride  with  carbon. 

A  similar  method  is  exploited  in  the  USSR  in  large  scales  of 
the  industrial  production  of  boron  nitride  for  the  subsequent 
manufacture  of  fireproof  articles. 

5.  Direct  nitration  of  boron-.  Further  Moissan  [7093  proposed 
to  obtain  boron  nitride  by  the  action  on  boron  of  nitrous  oxide, 
in  work  [710]  the  direct  nitration  of  amorphous  boron  in  a  stream  of 
nitrogen  is  described.  The  product  obtained  at  a  temperature  of 
1600°C  contained  94.32  BN,  and  an  increase  in  temperature  up  to 
2000°C  increases  the  yield  to  99-52. 

The  temperature  dependence  of  the  constant  of  nitration  of 
boron  powder  (Fig.  110)  is  changed  sharply  with  transition  from 
1200  to  1300°C  [704].  Since  the  roentgenographic  investigation  does 
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not  reveal  here  any  structural  changes  and  the  appearance  of  new 
phases,  then  one  should  consider  that  the  retardation  of  diffusion 
at  temperatures  above  1200°C  and  the  simultaneous  decrease  in  activa¬ 
tion  energy  occur  due  to  correction  of  the  lattice,  which  leads  to 
the  completion  of  the  already  formed  plane  layers  from  boron  atoms, 
not  all  free  nodes  of  which  are  filled  by  nitrogen  atoms.  Thus, 
there  occurs  filling  of  nodes  of  the  already  constructed  base  of  the 
lattice,  which  requires  less  energy  than  that  for  the  organization 
of  the  actual  lattice;  however,  the  process  of  filling  occurs  relatively 
slowly  due  to  the  "search"  by  nitrogen  atoms  of  vacant  places.  Prom 
equations  of  the  temperature  dependence  of  the  coefficient  of  reaction 
diffusion  of  nitrogen  into  boron 

-Daw-iaccc  “  30100exp( — 30650/7), 

A*n-iMo*c =*•  20,3  •  l®-*  exp  ( —  2000/7) 


it  is  clear  that  the  activation  energy  with  transition  from  a 
temperature  of  1200  to  1300°C  decreases  from  61.3  to  4  kcal/mole. 

The  last  quantity  is  close  to  the  energy  of  the  cohesion  between 
layers  of  atoms  in  the  lattice  of  graphite  equal  to  4.36  kcal/mole, 
i.e.,  the  migration  of  nitrogen  atoms  occurs  r'.  i*'  Dlate  lattices 
of  defective  structure  of  the  nitride  but  between  th,  The  magnitude 
of  4  kcal/mole  is  close  to  the  magnitude  of  binding  energy  between 
plane  lattices  in  the  structure  of  nitride. 


Fig.  110.  nitration  of 
boron:  a)  isotherms  of 
nitration;  b)  temperature 
dependence  of  the  logarithm 
of  the  nitration  constant. 
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The  method  of  production  of  boron  nitride  by  direct  nitration 
of  boron  is  expensive  and  cannot  be  used  in  industry  [641]. 

Above  mention  was  made  about  the  formation  of  the  cubic  modifica¬ 
tion  of  boron  nitride  -  borazon,  which  occurs  similar  to  the  formation 
of  artificial  diamond  -  under  high  pressures  and  at  high  temperatures 
with  the  use  as  catalysts  of  additions  of  alkali  and  alkali  earth 
metals  (according  to  [663]  —  under  pressure  of  62,000  at.  and  at  a 
temperature  of  above  1350°C). 

Without  catalysts  cubic  crystals  of  boron  nitride  will  not 
be  formed  even  under  pressures  of  100,000  at.  and  at  temperatures  of 
more  than  2000°C.  Wentorff  [664]  showed  that  additions  of  transition 
metals  do  not  promote  the  formation  of  Borazon.  Positive  results 
are  given  by  additions  of  alkali,  alkali  earth  metals,  antimony, 
tin,  and  lead.  It  is  noted  that  pressure  and  temperatures  necessary 
for  allotropic  transformation  increase  with  an  increase  in  atomic 
weight  of  the  addition.  It  can  be  assumed  that  the  "catalytic" 
action  of  the  indicated  additions  is  included  in  the  transfer  of 

■3 

electrons  to  boron  atoms  with  increased  statistical  weight  of  sp  - 
configurations  necessary  in  turn  for  the  formation  of  borazon. 
Therefore,  good  catalyzers  are  alkali  and  alkali  earth  metals, 
which  easily  give  their  valence  electron',  for  the  stabilization  of 
sp  -configurations ,  and  also  tin  and  lead,  which,  besides  the  ability 
to  transfer  quite  easily  nonlocalized  electrons,  have  themselves 

*  3 

the  known  statistical  weight  of  sp  -configurations  formed  by  localized 

fractions  of  valence  electrons.  In  the  same  way  antimony  is  the 
3 

source  of  sp  -configuration  and  mobile  electrons  formed  according 

0  3  li  3 

to  diagram  s 'pJ  -*■  sp  -*■  spJ  +  p.  Bismuth  following  it  must  not 

t 

possess  such  properties,  since  part  of  its  valence  electrons  passes 
to  the  vacant  f-shell.  According  to  the  same  considerations  the 
effectiveness  of  "catalysts"  decreases  with  an  increase  in  atomic 
weight  of  the  addition.  For  alkali  metals  and  also  alkali  earth 
metals  with  the  formal  increase  in  atomic  weight,  transitions  of 


339 


valence  electron  to  the  vacant  d-state  with  the  stability  or  con¬ 
figuration  of  electrons  on  these  states  increasing  with  the  growth 
in  the  main  quantum  number.  The  latter  leads  to  a  decrease  in  the 

possibility  of  the  transfer  of  valence  electrons  for  an  increase  in 

•3 

statistical  weight  of  spJ-configurations  of  boron  atoms  into  boron 
nitride.  Connected  with  these  circumstances  is  the  "catalytical" 
action  of  nitrides  of  the  above  metals.  In  the  formation  of  nitrides, 
for  example,  alkali  metals,  the  probability  is  increased  of  the 
transition  of  valence  electrons  of  atoms  of  these  metals  to  the 
nitrogen  atom,  which  prevents  transitions  of  electrons  to  the  d- 
states  and  the  formation  by  them  of  stable  configurations  which  are 
difficult  to  disturb.  On  the  other  hand,  only  part  of  these  electrons 
will  form  with  nitrogen  of  the  sp  -configuration,  they  are  weakly 
attached  both  to  atoms  of  the  metal  and  nitrogen,  and  they  can 

•3 

participate  in  the  formation  of  spJ-configurations  by  boron  atoms. 

The  role  of  these  nitrides  as  media  through  which  recrystallization 
occurs  of  hexagonal  nitride  into  cubic  is  either  doubtful  or 
plays  a  secondary  role  [6l4],  For  the  mechanism  of  the  action  of 
catalysts  see  also  [1095-1098]. 

The  original  method  of  producing  borazon  is  described  by  Vickery 
[718],  which  consists  in  the  substitution  of  phosphorus  by  nitrogen 
in  boron  phosphide  BP  having  a  diamond-like  structure. 

BP-f-  NH»  —  BN  +•  PH*. 

The  authors  [817]  propose  to  obtain  a  cubic  boron  nitride  by 
the  reaction  of  boranes  or  boron  chlorides  with  ammonia,  nitrogen  or 
a  mixture  of  nitrogen  with  other  gases,  for  example,  hydrogen,  with 
the  introduction  into  zone  of  reaction  of  primings  having  cubic 
structure  (a-Fe,  zinc  blende)  in  the  form  of  the  finest  particles  of 
an  aerosol. 

The  rhombohedral  modification  of  boron  nitride  is  produced  by 
the  reaction  of  NaBC>2  with  NH^Cl  at  a  temperature  of  1000° C,  borax 
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with  potassium  cyaniae,  ana  aum>  uy  wuu  u«yv*^ - —  - 

borazole  at  900°C  [6273..  Rhombohedral  nitride  is  not  obtained  in 


pure 


form,  but  will  be  formed  in  mixtures  with  hexagonal  nitride. 


Producing  of  articles  and  materials  from  boron  nitride..  Articles 
from  boron  nitride  are  produced  either  by  sintering  of  billets  pre¬ 
liminarily  pressed  by  different  methods  or  by  hot  pressing.  In 
the  first  case  hydrostatic  pressing  is  used  in  elastic  forms  under 
a  pressure  of  7  t/cm2  with  subsequent  sintering  in  a  medium  of 
nitrogen  or  dry  ammonia  [669].  A  favorable  effect  is  noted  on  the 
process  of  sintering  of  additions  to  nitride  powder  of  volatile 
impurities,  especially  B^.  According  to  [641],  billets  from 
powder  of  boron  nitride  are  pressed  with  the  use  of  water  as  a  binder 
added  in  small  quantities.  After  drying  at  a  temperature  of  110°C 
the  billets  are  baked  in  a  medium  of  ammonia  at  1800° C  or  a  medium 


of  nitrogen  at  higher  temperatures.  Simultaneously  with  sintering 


purification  of  the  boron  nitride  from  volatile  impurities  occurs 


For  the  pressing  of  the  billets  In  metallic  molds  pressures  of 
0.7-2  t/cm2  ar.e  recommended  with  subsequent  sinking  at  a  temperature 
of  'v.l400°C.  The  density  of  articles  with  this  method  is  small  and 
consists  1.1-1. 2  g/cm3,  and  shrinkage  in  the  process  of  sintering 

is  not  observed. 


For  the  production  of  dense  articles  from  boron  nitride,  hot 
pressing  is  used.  Thus,  in  [638]  by  hot  pressing  samples  of  boron 
nitride  with  a  density  of  up  to  2.1  g/cm3,  i.e.,  with  a  porosity 
of  5-755  are  formed.  It  is  recommended  to  conduct  hot  pressing 
in  graphite  molds  at  1500-1900° C  under  a  pressure  of  not  less  than 
16  kg/cm2  [699,  7073,  or  at  1700-1900°C  under  a  pressure  of  140 
kg/cm2  [708]. 

The  pressure  of  pressing  substantially  affects  the  density  of 
hot-pressed  articles  from  boron  nitride.  Thus,  articles  from 
boron  nitride  with  relatively  high  density  (94^)  are  produced  by 
hot  pressing  under  a  pressure  of  600  kg/cm  at  a  temperature  of 

1900° C  [9743. 


r 


An  investigation  of  BN  hot  pressing,  carried  out  in  works 
[975-1099],  showed  that  baked  the  most  actively  with  hot  pressing 
is  powder  of  boron  nitride,  synthesized  at  low  temperatures  (from 
the  charge  H^BO^  +  Ca^PO^Jj  in  a  current  of  ammonia  at  90G-1000°C. 

The  high  dispersity  of  this  powder  and  imperfection  of  the  structure 
conditions  its  recrystallization  and  active  sintering.  According  to 
these  data,  optimum  conditions  of  hot  pressing  are:  temperature  of 

p 

1800°C  and .pressure  of  300  kg/ cm  .  Samples  produced  according  to 
these  conditions  have  a  density  of  2.06-2.08  g/cm^,  i.e.,  porosity 
of  the  order  of  0.1$.  With  sintering  particles  of  boron  nitride 
are  sharply  enlarged  from  0.06-0.2  ym  in  the  powder  of  low  tempera¬ 
ture  nitride  to  60-80  ym  in 'a  hot-pressed  sample. 

The  authors  [641]  studied  the  effect  of  the  additions  of  boric 

anhydride  to  boron  nitride  with  hot  pressing  at  1700-1900°C  and 

2 

pressures  of  100-200  kg/cra  .  The  addition  of  boric  anhydride  permits 

O 

increasing  the  density  of  the  articles  up  to  2.6  g/cnr ,  but  the 
chemical  stability  of  the  produced  articles  greatly  decreases.  For 
the  producing  of  dense  technical  articles  on  the  base  of  boron  nitride, 
in  this  work  additions  of  calcium  aluminosilicate  (5-10$),  of  boron 
phosphate  BPO^  (10$),  and  also  aluminum  (to  5$)  and  of  aluminum 
nitride  (1-5$). 

A  new  form  of  technical  materials  from  boron  nitride  is  boron 
pyronitride,  which,  represents  crystal-oriented  formations  similar 
to  pyrographite.  The  structure  and  properties  of  pyrolytic  boron 
nitride  are  described  in  [711-714].  The  producing  of  pyrolytic 
nitride  is  similar  to  the  producing  of  pyrographite  [715-716]  and 
consists  in  the  reaction  of  volatile  compounds  of  boron  and  nitrogen 
according  to  definite  technological  conditions. 

The  boron  pyronitride  is  deposited  on  a  hot  base  layer  in  the 
form  of  dense  fine-grained  substance,  transparent  in  small  pieces 
and  semitranspai ent  in  layers  with  the  thickness  of  about  0.5  mm. 

The  structure  of  the  material  represents  columnar  cones  characteristic 
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i or  pyrograpni^e. 


However,  as  is  noted  in  [7.12 J,  the  preferable 


orientation  of  boron  pyron'itride  is  expressed  much  weaker  than  that 
of  pyrographite. 


Properties  of  pyrolytic  boron  nitride  essentially  depend  on 
the  direction  -  parallel  (a)  or  perpendicular  (c)  to  the  surface 
of  deposition. 


Table  96  gives  certain  properties  of  pyrolytic  boron  nitride. 


Table  96.  Properties  of  pyrolytic  boron  nitride. 

Characteristic 

'Parallel  to  the 
surface  of  depo¬ 
sition  (a  — 
direction) 

Perpendicular 
to  the  surface 
of  deposition 
(c  -  direction) 

Crystal  structure 

Hexagonal  type  c 

>f  graphite 

Coefficient  of  thermal 

expansion,  deg-1: 

20°  C 

-2. 9*  10**6 

700°C 

0 

40.5-10“6 

Apparent  density,  g/cin^ 

2.2  ! 

- 

Relative  density,  % 

97 

- 

Thermal  conduction, 
cal/cm*s*deg 

0.496 

0.0019 

Elastic  modulus,  kg/cm^ 

21-10^ 

- 

Flexural  strength,  kg/mm2 

19.25 

- 

Tensile  strength,  kg/mm2: 

i 

25°C 

4.12 

_ 

1650°C 

5.60 

2000°C 

7.63 

— 

2200°C 

8.22 

In  comparison  with  properties  of  the  usual  hexagonal  boron 
nitride  (see  Table  92),  pyrolytic  nitride  possesses  very  high  thermal 
conduction  in  the  "c"-direction,  considerably  higher  strength 
properties  and  a  negative  coefficient  of  thermal  expansion  at 
temperatures  of  25-700°C  (in  the  "a"-direction) . 


With  respect  tc  the  rate  of  oxidation  pyrolytic  boron  nitride 
is  more  stable  as  compared  to  pyrographite  and  also  to  pyrolytic 
boron  carbide  (Pig,  111)  [714]. 


Fig.  111.  Rate  of  oxidation  of 
different  pyrolytic  materials 
i  -  pyrographite;  2  -  pyrolytic 
Bj.C ;  3  -  pyrolytic  BN;  A  -  pyro¬ 
lytic  alloy  BN-C. 


2.  Aluminum  Nitrides 


The  first  published  work  on  compounds  of  aluminum  with  nitrogen 
was  in  1862  [571].  Further  investigations  of  conditions  of  producing 
properties  of  these  compounds  are  described  by  Mellor  [572]. 

Essentially  in  all  these  works  only  one  compound  was  revealed  — 
AIN,  which  is  sometimes  ascribed  to  the  formula  Al^f^. 

Aluminum  nitride  AIM  is  crystallized  in  a  hexagonal  lattice  of 
wurtaite  type.  According  to  different  data  values  of  lattice  constants 
vary  within  limits  of  a  *  3*10-3.13  and  c  =  ^.93-^. 98  A  depending 
upon  the  degree  of  cleanness  of  the  specimens  [573]. 

Practice  nitrogen  is  not  dissolved  in  aluminum  [602,  603 > 

60*1]. 
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Physical  properties.  Powdery  aluminum  nitride  is  usually  a 


white  color,  single  crystals  are  watery  white  (transparent),  and 


with  contamination  by  impurities  of  aluminum  hydroxycarbide  A120C 
the  nitride  obtains  a  blue  or  bluish  color  (in  this  case  the  content 


of  the  hydroxycarbide  reaches  4-7%). 


Data  on  the  melting  point  of  AIN  are  very  contradictory  (from 

2000  to  2500°C),  which  is  understandable  since  aluminum  nitride  is 

decomposed  up  to  the  achievement  of  the  melting  point  on  components, 

and  temperature  of  the  beginning  of  the  decomposition  is  determined 

by  peculiarities  of  conditions  of  the  carrying  out  of  the  determination 

of  the  "melting  point"  [573,  574].  Hardness  o~  Mohs  mineralogic  scale 

is  determined  also  in  a  wide  interval  from  5  9-10  units),  and 

the.  Knoop  hardness  (microhardness  according  to  a  load  of  100  g) 

2 

on  the  average  consists  about  1200  kg/mm  .  The  impurity  of  hydroxy¬ 
carbide  does  not  change  this  mean  value  [573] •  Physical  properties 
of  the  aluminum  nitride  are  most  fully  investigated  in  [575,  1100]; 
the  samples  contained  up  to  4%  C,  apparently,  in  form  of  hydroxy¬ 
carbide.  The  temperature  dependence  of  the  electrical  resistance  is 
typical  for  semiconductors  and  dielectrics  (Pig.  112),  and  the 
calculated  width  of  the  forbidden  band  of  AIN  is  equal  to  AE  *  4.26 
cV.  Figure  113  shows  the  temperature  dependence  of  the  coefficient 
of  thermal  conduction.  According  to  the  magnitude  of  electrical 
resistance  and  theoretical  value  of  the  Lorenz  number  for  semi¬ 
conductors,  the  electron  component  of  thermal  condvction  is  calculated, 

which  proved  to  be  equal  for  673°K  to  4.6*10“1^  and  at  1473°K  - 

-7 

2.5*10  W/m*deg.  Figure  114  shows  the  frequency  dependences  of  the 
dielectric  constant  and  dielectric-loss  angles. 


Fig.  112.  Temperature  dependence 
of  the  electrical  resistance  of 
AIN. 
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Fig.  113.  Temperature  dependence 
of  the  coefficient  of  thermal 
conduction  of  AIN.  . 


Fig.  11 4.  Frequence  dependence 
of  the  dielectric  constant  and 
dielectric-loss  angle  of  AIN. 


the  analogy  of  electrical  properties  of  AIN  and  kl^O^  is  noted 
[5733.  The  dielectric  constant  at  room  temperature  is  8.5,  which 
is  close  to  the  value  of  the  dielectric  constant  of  A120^,  for  which 
its  value  is  between  9  and  10.  The  dielectric  constant  of  AIN 
rapidly  Increases  with  temperature  at  low  frequencies  and  more 
slowly  at  high  frequencies,  so  that  at  a  frequency  of  8.5*10^  s”1 

the  change  in  the  dielectric  constant  with  temperature  is  very 
insignificant .  Figures  115  and  116  shows  the  change  in  the  dielectric 
constant  and  factor  of  dielectric  losses  with  frequency  and  temperature. 
The  distinction  in  these  values  from  values  of  the  dielectric  constant 
shown  j.n  Fig.  114,  according  to  data  of  [575],  is  connected  with  the 
contamination  in  the  latter  case  of  aluminum  nitride  by  carbonitride . 

At  low  frequencies  dielectric  losses  rapidly  increase  with  temperature; 
however,  a  frequency  of  8.5-105  s"1  the  change  with  a  temperature 
up  to  500°C  occurs  slowly.  At  room  temperature  the  loss  factor  is 
Within  0.01-0.001,  whereas  for  Al^  it  is  within  0.001  to  0.0001. 

At  high  temperatures  and  low  frequencies,  loss  factors  of  AIN  and 
A12°3  are  comParable>  whereas  at  high  temperatures  and  frequencies 
the  scattering  for  is  much  lower. 
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Pig,  115.  Temperature  dependence 
of  the  dielectric  constant  of  AIN* 


Pig.  116.  Temperature  dependence 
of  the  dielectric-loss  angle  of 
AIN. 


Physical  properties  of  aluminum  nitride  show  that  AIN  is  a 
typical  dielectric  with  large  width  of  the  forbidden  band  and  high 
electrical  resistance,  reaching,  according  to  [57*0,  up  to  10  Q*cn. 
Calculation  of  the  electron  component  of  thermal  conduction-  shows  that 
thermal  conduction  is  carried  out  only  by  lattice  vibrations.  Since 
for  nonpolar  solid  dielectrics  the  relation  e  =  n2,  where  e  - 
dielectric  constant,  n  —  refractive  index  (for  AlN:e  =  8.5,  n  =  2.13> 
i.e.,  this  relation  is  not  fulfilled),  then  polarization  of  the 
nitride  cannot  be  explained  by  only  one  electron  component,  and  it, 
apparently,  bears  an  ionic  nature.  Work  [5753  gives  the  following 
concepts  about  the  mechanism  of  the  formation  of  the  bond  in  aluminum 
nitride.  One  of  the  electrons  of  nitrogen  passes  to  an  aluminum 
atom  with  the  formation  of  such  electron  configurations:  Al”  2s23s2: 

N  2s  2p  .  In  compounds  with  a  structure  of  the  wurtzite  type, 
every  metal  atom  is  surrounded  by  four  nonmetal  atoms  located  at 
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equal  distances  from  it  on  vertexes  of  a  regular  tetrahedron  (in 
AIN  this  is  somewhat  distorted).  Thus,  for  every  atom  there  must 
be  four  equivalent  bonds,  each  of  which  is  carried  out  by  s-p- 
electrons  proceeding  one  at  a  time  from  each  atom.  Such  bonds  of 
the  covalent  type,  strengthened  by^ionic  bonds  superimposed  on  them, 
lead  to  the  high  rigidity  of  the  lattice,  which  determines  the  small 
value  of  the  coefficient  of  thermal  expansion  and  high  values  of 
the  modulus  of  normal  elasticity,  characteristic  temperature  and 
phonon  component  of  thermal  conduction. 

Such  .a  diagram  is  in  general,  correct;  however,  tatclng  into 
account  s  -  p-transitions  it  is  necessary  to  consider  that  the 
configuration  of  part  of  atoms  of  aluminum  and  nitrogen  has  the 
form  sp3.  Furthermore,  together  with  the  transition  of  an  electron 
from  an  atom  of  nitrogen  to  an  atom  of  aluminum  there  occurs  the 
transition  of  valence  electrons  from  part  of  aluminum  atoms  to^  g 
nitrogen  atoms  with  the  formation  here  of  configurations  A1  2s  2p 
and  N  2s22p6,  which  conditions  the  presence  of  a  fraction  of  the 
ionic  bond  in  aluminum  nitride. 

In  work  [576]  for  aluminum  nitride  in  the  absence  in  the 
spectral  region  2.5-5  eV  of  the  absorption  edge,  a  larger  value 
of  the  width  of  the  forbidden  band  (AE  >  5  eV),  and  on  the  other 
hand,  in  [577],  where  optical  and  electrical  properties  of  AIM 
are  investigated,  it  is  shown  that  £E  %  3.8  eV.  In  this  work  it 
is  established  that  the  main  absorption  band  lies  in  the  ultraviolet 
region  with  the  border  at  3200  In  the  same  region  weak  photo¬ 
conductivity  and  the  formation  of  photo-emf  are  observed. 

The  width  of  the  forbidden  band  of  AIN  is  close  to  bands  of  SiC 
and  ZnO,  which  have  a  similar  structure  and  close  values  of  indices 
of  refraction  (atoms  of  Si  can  replace  A1  atoms,  and  atoms  of  C 
or  0  -  atoms  of  nitrogen). 
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and  hear  the  ultraviolet  part  of  the  spectrum,  which  explains  the 
color  of  the  oryatals  and  indices  the  existence  of  two  groups  of 
impurity  levels  with  average  activation  energies  and  ^3*2  eV. 

The  third  band  is  revealed  in  the  ultraviolet  region,  which  corresponds 
to  the  third  group  of  levels  with  an  activation  energy  of  M).6  eV. 
During  the  action  of  ultraviolet  rays  of  aluminum  nitride  gives 
short-term  liminescence  (yellow  or  yellow-green)  in  the  interval 
X  «  0.45-0.65  pm.  A  photoelectrical  effect  is  observed  only  wit1 
very  intense  irradiation  by  light  of  an  electrical  arc. 


In  work  [1016]  the  photoconductivity  is  single  crystals  of 
AIM  induced  by  the  laser  is  investigated. 


A  thorough  investigation  of  the  AIN  structure  is  carried  out 
in  [578].  It  is  shown  that  the  A1SI  structure  differs  from  the  ideal 
wurtsite  structure,  since  the  ratio  c/a  is  equal  to  1.600  instead 
of  1.633  ,  and  parameter  U,  which  determines  the  distance  Al-N 
along  the  trigonal  axis,  is  equal  to  0.385  instead  of  0.375.  Compres¬ 
sion  of  the  tetrahedron  along  the  C  axis  in  the  structure  of  AIN 
leads  to  a  certain  distortion  of  the  correct  tetrahedral  location 
of  bonds  Al-N.  Art  increase  in  the  value  of  parameter  U  indicates 
the  fact  that  the  center  of  electron  density  in  every  atom  does 
not  coincide  with  the  center  of  the  tetrahedron  formed  by  its 
nearest  neighbors,  and  that  the  atom  is  displaced  along  the  C  axis 

o 

to  the  base  of  the  tetrahedron  by  0.05  A.  Consequently,  angles 
between  bonds  Al-N  vary  from  107.7  to  110.5°,  and  distances  of  Al-N 
vary  from  1.885  to  1.917  A. 


In  the  investigation  of  growth  spirals  and  polytypes  of  AIN 

crystals  obtained  from  a  gas  phase  [579],  the  presence  of  spirals 

known  for  SiC  is  shown  (Fig.  117),  and  they  vary  from  polygonal  to 

almost  round,  and  the  height  of  steps  of  layers  of  the  growth  consists 

o 

several  hundreds  of  A.  In  contrast  to  the  isostructural  of  SiC 
and  ZnS  for  aluminum  nitride,  polytypic  structures  were  not  determined 
roentgenographically ,  and  therefore  growth  spirals  cannot  be  explained 
on  the  basis  of  a  polytype,  as  is  done',  for  example  in  the  case  of 
silicon  carbide. 
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rig.  11/.  Growth  spiral  on  plane  (0001) 
AIN  x  160. 


Thermodynamic  properties  of  aluminum  nitride  are  studied  in 
most  detail  in  [580],  and  results  of  the  investigation  are  given  in 
Table  97.  The  change  in  heat  content  in  the  region  298-1800  A 
H  -H  =  10.98T  +  0.*M0“3T2  +  S.SB'loV*1-^!,  and  the  temperature 
dependence  of  the  heat  capacity  cp  *  10.98  +  0.80-10  3T-3-58*105T  2. 
The  change  in  the  isobaric  potential  of  reaction  A1  +  1/2  N2  *  AIN 
with  temperature  is  the  following: 


r.  *k 

-  !'.r.  koal 


298  1000  1100  ‘MOO  1800  1700  1900  3000 
68.15  50.20  47.40  30.00  35.35  30.70  25,30  22.44 


Table  97.  Properties  of  aluminum  nitride. 


_ Characteristic 

Content,  vt.  % 

Crystal  structure 

o 

Lattice  constants,  A: 
a 

o 

c/a 

Density,  g/cm3* 

X-ray 

pycnometric 
Melting  point,  °C 


_ AIN _ 

3U.9 

Hexagonal  of  wurtzite  type 


3.101* 

h*96$ 

1.600 

3.27  15831 

3.12 
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2400  J5781 


is  decomposed 


Table  97  Cont'd. 


Ohfiiaotorlstlo 

AIK 

Heat  of  formation,  koal/aola 

76,1*7  ±  0, 20  (582).  see  also  (660) 

Entropy,  cal/deg*raole  : 

|  U.8  ±  0.20  (580) 

Thermal  conduction,  cal/cm*s*ciegt 

20000 

0,072  1578),  see  also  (575) 

liOO°C 

0.060 

600°C 

0.053 

800°C 

0.01*8 

Coefficient  of  thermal  expansion 

10^«deg~^i 

25-200°C 

U.03  (578),  see  also  (5851 

25-600OC 

U.8U 

25-1000°C 

5.6U 

25-1350°C 

6.09 

Specific  electrical  resistance,  'fi«om 
293°K 
673°K 
773°K 
873°K 
1073°K 
1173°K 
1273°K 
1373°K 
1U73°K 


>!0»*  {5751 
2, 25  •10^- 
109 


8»10j 

U»io° 

7.105 

105 

9.103 


Width  of  forbidden  band,  eV 


3.8  J577J  tO  >S(576{ 


Dielectric  oonstant 


8.5  [5731 


Refractive  index 


2,13  15831—2.20  (1U03] 


Radiation  factor  ( X  -  655  v  ra) : 
800-2000°C  (in  a  medium  of  argon) 
800-ll*00°C  (in  a  vacuum) 

Mohs  hardness 

Knoop  hardness  kg/ram? 

Elastic  modulus,  kg/mm? 

20°C 

1000°C 

lU00°C 


0,80  (340) 
0,85  (340) 

~9  (573) 
1230  1573) 


35050  1573) 
32300 
28100 


m 
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fnnhl  a  07  f  A 

A  J  (  WiJU  \JL  , 

Characteristic 

AIN 

Teg^e  strength  with  rupture,  kg/Wt 

27  IS7SI 

1000°C 

~)9 

1U00OC 

12.7 

Vapor  pressure,  ran  Hg: 

1000©K 

• 

5-KM*  {610] 

1200°K 

210-*  (6101 

lliOO°K 

MM  (610] 

1600°K 

0.9- I(H  (610] 

1760°K 

1  (ISO,  1101) 

2173°K 

14  ]45] 

Energy  of  dissociation,  kcal/mole 

82—187  (611) 

In  work  [584]  mass  spectrometric  investigations  of  AIN  evapora¬ 
tion  is  conducted,  is  determined  and  the  approximate  heat  content 
Aii29 8  ^  “63  kcal/mole,  which  is  considerably  below  that  calorimetri- 
cally  defined. 

The  strength  of  aluminum  nitride  at  high  temperatures  (of  the 
order  of  1400°C)  'can  be  compared  with  the  strength  of  oxide  ceramics, 
and  at  the  usual  temperature  it  somewhat  yields  to  the  oxides.  The 
thermal  conduction  of  technical  AIN'  is  one  order  less  than  thermal 
conduction  of  dense  carborundum  and  2-3  times  higher  than  thermal 
conduction  of  ceramics  of  AlgO^  [5733*  Thermal  expansion  at  average 
temperatures  somewhat  exceeds  the  thermal  expansion  of  carborundum. 
Tne  resistance  to  thermal  shock  is  high,  so  with  thermal  cycling 
2230-20°C  articles  of  BN  are  not  destroyed  for  several  cycles. 

After  30  cycles  of  heating  for  2.5  min  up  to  l400°C  and  rapid 
cooling  to  room  temperature  in  air  the  loss  of  strength  is  12# 

[5o5 j . 

Chemical  properties.  Articles  from  aluminum  nitride  are 
slowly  dissolved  in  hot  mineral  acids  (Table  98,  [578]). 
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Table  98.  Corrosion 
of  hot-pressed  alumi¬ 
num  nitride  in  water 


and  mineral  acids 
(ti^e  of  the  test 
72  a). _ _ 


Medium 


/;*c 


Corrosion 

rate, 

mm/yseur 


HX) 

Hu  (ooncen.) 
HCI  (I:!) 
H}SO«(fonc«rW 

H^,4((oonoerOJ 
HNQi  (1:1)  - 
HF  (ooncen,}  + 
•f  HNOj(  ponoei 
HP  (1:1) 

HF  (1:1) 


100 

72 

100 

305 

145 

120 

111 

57 

57 

57 


14 

320 

570 

180 

550 

150 

200 

160 

215 

170 

(single  AIN 
0  lyrtala ) 


Hydrochloric,  nitric,  and  sulfuric  acids,  and  aqua  regia  in 
the.  cold  act  very  weakly  on  powdery  aluminum  nitride  [610].  With 
heating  in  H2S0  (1:1)  aluminum  nitride  is  decomposed  completely 
in  four  days  (2A1N  +  H2S0  +  6H20  =  2A1(0!I) 3  +  (NH^SO,,).  Cold 
hydrofluoric  acid  also  does  not  act  on  AIN.  Concentrated  hot 
solutions  of  alkalis  decompose  the  aluminum  nitride  with  the  separa¬ 
tion  of  ammonia: 


AIN  +  3H*0  +  OH~V  A1  (OH)*  +  NH* 


Compact  aluminum  nitride  is  considerably  more  resistant  to  the 
action  of  acids  and  alkalis  than  that  of  the  powdery.  Thus,  compact 
AIN  samples  are  absolutely  stable  with  boiling  in  concentrated 
sulfuric  acid,  and  with  difficulty  they  yield  to  the  effect  of 
boiling  nitric  and  hydrochloric  acids.  Tine  stability  increases  in 
diluted  acids  and  solutions  of  alkalis  [612]. 

Dry  halogens  slowly  act  on  the  nitride,  and  chlorine  starts 
to  decompose  at  a  temperature  of  760°C  with  the  formation  of  AlCl^ 
[610],  and  dry  hydrogen  chloride  practically  does  not  act.  Upon 
heating  with  sulfur  and  vaporous  carbon  bisulfide  the  aluminum  nitride 
is  decomposed  partially,  by  vapors  of  sulfur  chloride  AIM  is 
decomposed  rapidly,  the  phosphorus  partially  it  decomposes,  and  the 
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PCl^  does  not  act.  The  reaction  with  carbon  starts  at  a  temperature 
of  1200°C.  Sodium  peroxide  decomposes  aluminum  nitride  with  the 
formation  nitrates,  and  completely  and  rapidly  AIN  is  decomposed 
by  lead  bichromate  [572]. 1 

The  oxidation  of  powder  in  air  is  started  at  a  temperature  of 
1200°C  [574],  and  according  to  data  of  [612]  -  at  900°C.  The  heat 
of  the  reaction  of  the  oxidation  A1Ntb  +  3/4  02  *  1/2  AlgO^  +  1/2  N2 

consists  -AH°2g8  =  124.6  *  0.0370  kcal  [580]. 

The  corrosion  rate  during  the  action  of  hot  gases  depends 
on  the  density  of  articles  from  nitride.  It  is  shown  [578,  585] 
that  with  oxidation  of  the  sintered  nitride  -at  1200°C  for  1  hour 
11$  of  the  nitride  is  turned  into  aluminum  oxide,  and  with  oxidation 
of  the  hot-pressed  sample  at  1400°C  for  30  hours  only  \%  of  the 
nitride  is  transformed  into  the  oxide.  Table  99  gives  data  on  the 
corrosion  of  hot-pressed,  dense  aluminum  nitride  in  different  gaseous 
environments . 


Table  99.  Corrosion 
of  hot-pressed  alumi¬ 
num  nitride  in  gas¬ 
eous  media. 


Melted  aluminum  (up  to  2000°C)  gallium  (up  to  1300°C),  boric 
anhydride  (up  to  1400°C)  does  not  act  on  aluminum  nitride  [535]. 
AIN  is  stable  in  a  mixture  of  molten  cryolite  and  aluminum  for 
66  h  at  1200°C  [578],  and  melted  boric  anhydride  at  a  temperature 
of  1000°C  causes  after  4  h  a  loss  in  weight  of  only  0.02$. 
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copper  matte  (1300°C;  5  h),  slower  -  with  nickel  matte  (1250°C; 
5  h) ,  weakly  -  with  copper  3lag  (1300°Cj  5  h),  and  it  does  not 
react  with  the  melt  of  NaCl  +  DaCl2  C 5^1 ] • 


The  high  stability  is  revealed  of  aluminum  nitride  in  relation 

to  the  many  semiconductor  compounds,  in  particular,  to  semiconductors 

of  the  type  AIIIBV.  In  work  [610]  it  is  shown  that  it  is  especially 

stable  witn  respect  to  the  molten  GaAs ,  which  permits  using  containers 

of  aluminum  nitride  for  the  purification  and  production  of  single 

•  •  . 

crystals  from  this  semiconductor. 


It  is  also  stable  in  contact  with  graphite  up  to  high  tempera¬ 
tures,  and  with  tungsten  and  molybdenum  —  up  to  l800°C  [610]. 


Methods  of  production.  Numerous  methods  of  production  of 
aluminum  nitride  used  both  in  the  laboratory  and  in  industrial 
scales  have  been  developed. 


1.  Direct  nitration  of  aluminum.  Aluminum  nitride  was  obtained 
for  the  first  time  in  1862  by  the  action  of  nitrogen  on  aluminum 
at  a  temperature  of  700°C  [571]* 


The  kinetics  of  the  nitration  of  aluminum  was  investigated  in 
the  range  of  temperatures  of  530-625°C  [75].  At  low  temperatures 
down  to  580° C  the  nitration  obeys  the  linear  law,  and  at  higher 

temperatures  -  the  parabolic  law. 

'  •  .  • 

fn  the  linear  region  of  temperatures  the  constant  of  the 

p 

rate  of  nitration  is  expressed  by  K  *  58  exp  (-17,900/RT)  mg/cm  *h, 

10  o 

and  in  the  parabolic  region  -  K  =  4.2’IC)  exp  (-23,700/RT)  mg/cm  *h. 

The  constant  of  aluminum  oxidation  in  the  linear  region  of 
temperatures  K  =  2.34’IC)11  exp  i(-47 ,700/RT) ,  and  in  the  parabolic  — 

K  *  1.35*10^  exp  (-22,800/RT) ,  i.e.,  in  both  cases  the  rate  of 
oxidation  is  considerably  higher  than  the  rate  of  nitration. 
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A  peculiarity  of  the  nitration  of  aluminum  powder  is  the  forma¬ 
tion  on  the  surface  of  particles  of  oxide  films  (y-A^O^),  which 
depart,  apparently,  as  a  result  of  the  formation  of  lowest  volatile 
aluminum  oxides:  A^O-,  +  ^A1  *  3A120.  Disturbance  of  the  film  with 
reconstruction  of  A120^  into  A120  permits  the  nitrogen  to  penetrate 
to  the  juvenile  surface  of  aluminum  and  to  conduct  nitration. 

In  this  case  a  thin  AIN  film,  poorly  permeable  for  nitrogen 
will  be  formed,  which  causes  the  transition  from  the  linear  law  of 
nitration  to  the  parabolic  at  high  temperatures,  and  sometimes  the 
film  already  starts  to  be  formed. 

Thus,  to  accelerate  the  reaction  of  the  formation  of  aluminum 
nitride,  it  is  necessary  to  use  the  finest  aluminum  powders,  which, 
although  they  are  more  oxidized  they,  nonetheless,  permit  more 
completely  conducting  the  reaction  of  nitration  with  the  formation 
of  nitride.  With  nitration  the  sintering  of  the  aluminum  powder, 
which  reduces  the  reaction  surface  simultaneously  occurs.  To 
prevent  sintering,  step  conditions  of  nitration  are  used,  and  these 
are  calculated  on  the  fact  that  already  at  low  temperatures  there 
is  observed  coating  of  the  particles  by  nitride  films,  which  will 
delay  sintering  of  the  powder. 

The  aluminum  nitride  can  be  produced  by  the  nitration  of 
aluminum  powder  (PAK-4)  [58b].  For  the  production  of  aluminum 
nitride  of  stoichiometrical  composition  the  aluminum  powder  is 
treated  by  nitrogen  at  800°C  for  1  hour  (rate  of  rise  of  temperature 
up  to  800° C  is  10  deg/min)  with  mixing  of  the  formed  product  and 
repeated*  nitration  at  1200°C  for  0.5-1  hour  (with  the  rate  of  v,is>.. 
of  temperature  up  to  1200°C  is  40  deg/min).  Technical  aluminum 
nitride  (with  a  content  of  33%  N)  is  produced  by  means  of  single 
nitration ( at  1200°C  with  the  rate  of  rise  of  temperature  of  10 
deg/min. 

The  slow  rise  in  temperature  and  also  step  conditions  of  the 
nitration  with  intermediate  grindings  permits  avoiding  the  sintering 
of  the  aluminum  powder  prior  to  nitration. 
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Conducted  in  work  [587]  is  the  nitration  of  aluminum  powder 
(brand  PO-1)  and  aluminum  powder  with  a  "lining"  from  aluminum 
nitride,  which  has  due  to  the  fineness  of  particles  a  greatly 
developed  surface  and  prevents  sintering  of  aluminum  particles  with 
each  other.  It  was  found  that  an  introduction  of  305?  AIN  into  the 
charge  with  the  aluminum  powder  is  sufficient  for  the  prbduction 
with  monophase  nitration  of  qualitative  aluminum  nitride  (at  1200° C 
lasting  1  h).  However,  here  friable,  easily  pulverized  sinters 
are  formed;  the  productivity  of  production  nitride  decreases  due 
to  the  cycle  of  30$  nitride  of  aluminum  introduced  into  the  fresh 
charges . 

The  authors  [558]  investigated  more  specifically  the  nitration 
of  powder  and  aluminum  powder.  It  is  shown  that  the  formation  of 
aluminum  nitride  with  the  nitration  of  powder  PAK-4  starts  already 
at  a  temperature  of  400° C;  at  500° C  up  to  15$  the  powder  becomes 
a  nitride,  and  at  600°C  —  up  to  20$  (with  a  four-hour  holding  time). 
An  especially  intense  formation  of  nitride  occurs  at  720-730°C, 
which  requires  the  supply  of  additional  quantities  of  nitrogen. 

The  temperature  in  the  reactor  after  1-1. 5  min  increases  up  to 
1400-1500°C,  and  in  15-20  min  the  reaction  is  practically  finished. 

The  formation  of  aluminum  nitride  with  the  nitration  of 
aluminum  powder  PA-4  starts  at  600°C.,  but  the  quantity  of  the 
produced  nitride  here  is  very  insignificant  and  up  to  800°C  comprises 
not  more  than  1$.  With  an  increase  in  temperature  above  800°C 
frequently  sintering  of  the  powder  is  observed,  and  maximum  yield 
of  the  nitride  can  be  produced  equal  to  only  50-60$.  Further 
nitration  is  prevented  by  fusion  of  the  aluminum  and  sharp  reduction 
in  the  reaction  surface. 

With  a  decrease  in  coarseness  of  particles  of  the  aluminum 
powder  from  160-250  to  70-100  ym,  the  quantity  of  the  nitride 
produced  is  increased  rather  sharply. 
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Sin-J5txWith  an  increase  in  temperature  the  decrease  in  free 
energy  of  the  reaction  of  the  formation  of  nitride  decreases,  then 
one  should  have  expected  a  more  complete  passage  of  the  reaction  with 
a  lowering  of  the  temperature.  Results  of  the  investigations 
show  that,  conversely  with  a  temperature  rise  the  reaction  is  more 
complete. 

• 

Such  noncorrespondence  is  explained  by  the  fact  that  the  rate 
of  reaction  of  the  formation  of  AIN  essentially  depends  on  the 
diffusion  rate  of  nitrogen  to  aluminum.  The  dense  film  of  aluminum 
oxide  on  powder  particles  is  a  substantial  obstacle  of  the  diffusion 
of  nitrogen.  This  is  confirmed  bv  experiments  of  Smittels  and 
Ransley  [589],  who  showed  that  with  the  removal  of  the  oxide  film 
from,  the  aluminum  surface  the  diffusion  rate  of  hydrogen  is  increased 
by  ten  times.  The  diffusion  rate  of  nitrogen  both  through  the 
oxide  film  and  through  the  nitride  film  sharply  increases  with 
temperature,  and  this  leads  to  a  greater  rate  of  nitration,  covering 
the  deceleration  of  the  reaction  of  aluminum  with  nitrogen,  resulting 
from  purely  thermodynamic  considerations.  Since  the  reaction  of 
the  formation  of  aluminum  nitride  is  accompanied  by  a  high  thermal 
effect,  then  the  first  portions  of  nitrogen  penetrating  through 
the  f ? lm  to  the  aluminum  cause  a  great  increase  in  temperature,  which 
in  turn  causes  an  increase  in  the  diffusion  rate  of  nitrogen,  i.e, 
reaction  has  a  unique  "chain"  character.  If  at  the  beginning  of 
'..his  process  external  heating  is  ceased,  then  the  reaction  continues 
in  the  cold,"  passing  with  sufficient  delivery  of  nitrogen  up  to 
the  end.  The  reaction  of  the  formation  of  nitride  from  the  powder 
PAK-4  obtains  a  "chain"  character  at  a  temperature  of  720-730°C, 
and  from  aluminum  powder  -  at  a  temperature  of  above  800° C. 

Therefore,  in  [588]  in  production  of  aluminum  nitride  in  a  current 
of  nitrogen  from  powder  PAK-4  it  is  recommended  to  raise  the 
temperature  before  the  beginning  of  the  spontaneous  reaction,  which 
passes  up  to  the  end  for  30-40  min  ;es.  With  nitration  of  the 
aluminum  powder  the  spontaneous  reaction  cannot  be  finished  and  is 
stopped  with  the  formation  of  50-70%  nitride. 
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In  work  [590]  the  effect  of  the  pressure  of  nitrogen  on  the 
process  of  nitration  of  aluminum  powder  PA-4  and  aluminum  powder 
PAK-4  was  studied.  With  nitration  of  the  powder  an  increase  in 
pressure  of  the  nitrogen  promotes  the  formation  of  nitride  (Pig. 
118).  With  a  temperature  rise  the  positive  effect  of  an  increase 
in  pressure  on  the  formation  rate  of  nitride  decreases  and  at  665°C 
for  the  time  of  the  holding  of  120  min,  and  at  690°C  for  the  holding 
time  of  60  min  it  becomes  negative.  Other  things  being  equal  the 
reaction  of  the  formation  of  aluminum  nitride  is  accelerated  with 
the  lowering  of  pressure. 

With  nitration  of  powder  PA-4  the  increase  in  pressure  of  the 
nitrogen,  accelerates  the  reaction  of  AIN  formation  (Pig.  119); 
see  also!  [1102]. 


Pig.  118.  Temperature  dependence 
of  the  yield  of  aluminum  nitride 
with  nitration  of  the  powder 
PAK-4:  1  —  pressure  of  nitrogen, 

3  at.,  holding  time,  120  min;  2  - 
pressure  of  nitrogen,  3  at, 
holding  time,  60  min;  3  —  pressure 
of,  nitrogen,  2  at.,  holding  time, 
120  min;  4  -  pressure  of  nitrogen, 
2  at,  holding  time,  60  min. 


Fig.  119.  Dependence 
of  the  yield  of  alumi¬ 
num  with  the  nitration 
of  powder  PA-4  on  the 
temperature  and  pres¬ 
sure  of  the  nitrogen. 
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of  aluminum  powder  can  be  preliminarily  explained  in  the  following 
way.  Before  entering  in  the  reaction  with  aluminum,  the  nitrogen 
should  diffuse  through  the  oxide  film  y-AlgO^*  available  for  each 
particle  of  aluminum,  and  also  through  the  film  of  the  formed 
aluminum  nitride.  The  quantity  of  gas  diffusing  through  a  unit  of 
area  per  unit  length  per  unit  time  through  a  substance  is  determined 
by  the  formula  of  Smithells  [591] • 

*0 

D  » -yVp'e  W» 

where  n  -  constant,  d  -  thickness  of  the  layer  of  the  substance, 
p  —  pressure  of  the  gas,  —  activation  energy  (heat  of  diffusion). 
From  the  given  expression  it  is  clear  that  the  diffusion  rate  Is 
proportional  to  fp  and  with  an  increase  in  temperature  should 
increase  sharply.  As  has  already  been  shown  the  rate  of  reaction 
of  the  AIN  formation  is  limited  by  the  diffusion  rate  of  nitrogen 
through  the  oxide-nitride  film  to  aluminum.  Up  to  the  melting  point 
of  aluminum  the  law  fp  is  observed.  With  melting  of  surface  the 
aluminumj  tries  to  be  reduced  due  to  forces  of  surface  tension,  and 
of  aluminum  particles,  having  the  same  form  of  leaves  (PAK-4), 
drops,  dendrites,  press  cakes  (PA-4),  try  to  assume  a  spherical  form, 
and  this  process  is  prevented  by  an  oxide-nitride  film.  With  a 
temperature  rise  the  strength  of  the  film  decreases,  and  at  a  definite 
temperature  the  surface  tension  starts  to  prevail  over  the  strength 
of  the  film,  the  latter  breaks,  and  the  melted  aluminum  pours  out 
from  the  particles.  At  the  time  of  the  yield  of  the  drop  of  aluminum 
from  the  oxide-nitride  shell,  there  occurs  almost  an  instantaneous 
nitration  of  the  aluminum,  since  the  magnitude  of  these  drops  in 
the  case  of  the  thin  powder  PAK-4  is  very  small. 

The  thinner  the  film,  the  smaller  the  forces  necessary  for  its 
destruction,  and,  consequently,  the  lower  temperatures  of  the  process. 
Inasmuch  as  prior  to  the  melting  of  aluminum  an  increase  in  pressure- 
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of  the  nitrogen  promotes  the  formation  of  aluminum  nitride,  then 
during  the  process  of  nitration  at  these  temperatures  a  thicker  and 
more  durable  film  will  be  formed.  For  the  destruction  of  such  a 
film  higher  temperatures  are  required,  and  at  these  temperatures 
the  strength  of  the  film  becomes  less  than  that  of  forces  of  the 
surface  tension  of  the  drop  of  aluminum. 

With  nitration  of  the  powder  PA-4  the  mechanism  of  the  process 
of  nitration  in  general  remains  the  same  as  that  with  nitration 
of  the  powder  PAX-4,  but  drops  of  aluminum,  produced  after  destruction 
of  the  film,  here  are  considerably  larger.  Therefore,  the  drops 
succeed  in  being  nitrated  only  partially  from  the  surface  and  have 
a  tendency  toward  fusion  (experimentally  large  particles  with  a 
dimension  of  up  to  2-3  mm  are  observed).  Due  to  the  fusion  of 
the  drops  the  surface  is  sharply  reduced  and  to  much  smaller  as 
compared  to  that  of  the  powder  PAK-4,  and,  accordingly,  the  rate  of 
nitration  decreases.  Further  nitration  occurs  as  a  result  of  the 
diffusion  of  nitrogen  through  the  film  and  obeys  to  the  law  yj 
(Fig.  119). 

To  accelerate  the  process  of  production  of  aluminum  nitride 
by  direct  nitration  of  metal,  in  a  patent  [592]  it  is  proposed  to 
introduce  into  the  aluminum  powder  5£  KF  as  a  catalyst.  The.  mixture 
of  pure  powdery  aluminum  (110-220  meshes)  and  the  catalyst  KF  is 
heated  in  a  medium  of  nitrogen  at  a  temperature  of  below  the  mcltlnr 
point  of  aluminum  before  the  beginning  of  the  reaction  of  nitration, 
and  then  the  temperature  is  increased  up  to  the  melting  noint  of 
aluminum  prior  to  the  termination  of  the  formation  of  AIN.  In  the 
product  obtained  9 0—95%  AIN  is  contained  and  the  yield  consists 
95-100$.  The  process  of  nitration  is  considerably  accelerated 
by  the  addition  to  aluminum  of  5%  KHFg  [246]  or  1%  NaF  [619]. 

In  work  [585]  method  of  producing  aluminum  nitride  is  proposed 
by  the  burning  of  aluminum  in  oxygen  with  subsequent  substitution 
of  oxygen  with  nitrogen  at  high  temperatures.  A  nitride  of  high 
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purity  is  produced  by  the  atomization  of  the  aluminum  by  an  electrical 
arc  in  a  medium  of  nitrogen  [585].  The  original  method  of  producing 
aluminum  nitride  by  fusible  aluminum  in  a  suspension  (in  a  high- 
frequency  field)  in  nitrogen  is  described  in  [1103].  Crystals  of 
aluminum  nitride  of  up  to  30  mm  long  and  0.5  mm  in  diameter  will 
be  formed  with  the  evaporation  of  aluminum  :.n  nitrogen  at  a  tempera¬ 
ture  of  1800-2000°C  [5733. 

For  the  .production  of  single  nitride  crystals,  there  is  also 
used  the  method  of  sublimation  from  a  gas  phase  at  1900°C  [593-595], 
which  is  similar  to  the  method  of  producing  single  crystals  of 
silicon  carbide.  Crystals  of  a  greenish-blue  color  with  dimensions 
of  up  to  2  mrn  will  be  formed. 

Single  crystals  of  aluminum  nitride  are  produced  by  the  transfer 
during  24  hours  of  the  mixture  of  nitrogen  and  argon  over  aluminum 
melted  at  1500° C  placed  in  a  corundum  boat  located  in  a  corundum 
pipe  [601,  614].  On  walls  of  the  latter,  having  a  temperature  of 
about  1450° C ,  single  AIN  crystals  grow  in  the  form  of  plates  and 
needles  (dimensions,  accordingly,  are  1  x  1  and  4  x  o.l  x  0.1  mm). 

It  is  indicated  that  the  production  of  larger  single  AIN  crystals 
is  possible  with  the  help  of  gas  transport  reactions  [6l4], 

Very  pure  (up  to  99*999%)  AIN  powder  will  be  formed  [619] 
with  the  heating  of  the  aluminum  j owder  (99.999%)  in  crucibles  of 
AIN  in  a  medium  of  thoroughly  purified  nitrogen.  The  reaction 
passes  at  a  temperature  of  l600°C  and  pressure  of  100  at. 

Sometimes  for  the  removal  of  impurities  an  additional  treatment 
of  the  produced  aluminum  nitride  by  chlorine  at  600°C. 

In  the  action  of  ammonia  on  aluminum  nitride  will  also  be  formed: 
2A1  +  2NH3  2A1N  +  3H2  +  2.57  kcal  [6]. 


2.  Reduction-nitration  of  aluminum  oxide.  In  work  [596] 
the  possibility  of  producing  aluminum  nitride  is  indicated  by  the 
action  of  ammonia  at  a  temperature  of  1000°C  on  finely  pulverized 
aluminum  oxide,  formed  with  decomposition  at  650°C  of  aluminum 
acetate.  A  somewhat  more  detailed  investigation  of  this  process  is 
carried  out  in  [5973,  where  it  is  shown  that  ammonia  reacts  very 
slowly  with  aluminum  oxide  at  1000°C  with  the  formation  of  aluminum 
nitride.  At  higher  temperatures  (about  2000°C)  with  smelting  the 
appearance  of . two  phases  is  revealed:  y-phase  and  6-phase.  The 
region  of  homogeneity  of  the  y-phase  at  a  temperature  of  1700°C 
extends  from  68  to  84$  AljO^  (32  or'  16$  AIN),  has  the  structure  of 
spinel  close  to  the  structure  of  A^O^.  The  6-phase  is  less  rich 
in  nitrogen  (approximate  composition  93%  Al.^O^,  7%  AIN),  and  the 
structure  is  close  to  the  structure  of  aluminum  oxide.  The  y- 

and  6-phase  represent  aluminum  hydroxynitrides  (in  the  diagram  of 
the  system  Al^O^-AlN)  and  are  produced  with  the  reaction  of  aluminum 
oxide  and  aluminum  nitride  in  a  solid  state. 

3 .  Production  of  aluminum  nitride  from  a  gas  phase  (methods 
of  thermal  decomposition).  For  the  first  time  in  1938  in  [598]  it 
is  mentioned  that  it  is  possible  to  obtain  aluminum  nitride  by  the 
decomposition  of  AlCl^^NH^  through  the  stage  of  formation  of  the 
intermediate  product  AlCl^’NH^.  Renner  [574]  also  produced  aluminum 
nitride  by  thermal  decomposition  AlOl^-NH^  ■+  AIN  +  3HC1  in  the 
apparatus  shown  on  Fig.  120.  In  a  long  quartz  tube  on  a  thin  quartz 
tube  there  is  suspended  a  graphite  washer,  which  is  heated  by  a 
current  of  high  frequency  with  the  help  of  a  water-cooled  copper 
spiral.  The  basic  quartz  tube  is  filled  in  the  lower  part  by  a 
definite  quantity  of  AlCl^'NH^,  which  is  heated  by  a  furnace  moving 

in  the  tube  to  a  definite  pressure  of  AlCl^'NH^  vapors.  At  sufficiently 
high  temperatures  with  decomposition,  crystals  possessing  clearly 
expressed  edges  will  be  formed  (Fig.  121).  This  method  was  investiga¬ 
ted  again  in  works  [1102,  1104,  1105]. 
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Fig*.  120.  Apparatus  for  the  production 
of  aluminum  nitride  from  a  gas  phase: 

1  —  quartz  tube;  2  —  graphite  disk; 

3  —  copper  inductor;  5  —  furnace. 
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Fig.  121.  AIN  crystals 
produced  from  a  gas  phase. 
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Researchers  [596]  carried  out  such  a  method  of  producing  AIN 
by  the  deposition  of  aluminum  nitride  on  ja  tungsten  thread  by  the 
decomposition  of  mixtures  of  vaporous  AlCl^  with  argor.  and  ammonia. 

At  temperatures  of  800-1100°C  the  residue  of  nitride  represents  a 
solid  layer  of  little  thickness  durably  united  with  the  thread.  At 
a  temperature  of  the  thread  above  1200°C  the  deposit  obtained  is 
friable,  nonuniformly  covers  the  thread  and  is  weakly  connected 
with  it,  and  its  structure  is  typically  dendritic. 

It  is  possible  to  produce  aluminum  nitride  by  the  thermal 
decomposition  of  A1(CH3)-NH3  at  200-300° C  [599 j.  The  nitride 
produced  is  very  unstable,  is  easily  hydrolyzed  on  humid  air  with 
the  separation  of  ammonia,  and  full  hydrolysis  is  completed  in  11 8 
hours  [596]. 

With  thermal  decomposition  of  (Nil.jKAifg  in  a  current  of 
ammonia  at  a  temperature  of  SOo-C,  pure  aluminum  nitride  is  formed 
[274].  The  color  and  chemical  behavior  of  it  greatly  depend  on 
the  temperature  of  the  preparation  (at  500-600°C  the  color  of  AIN 
changes  from  brown  to  olive-green,  at  700-800°C  -  black-green  with 
a  violet  gloss).  Aluminum  nitride  produced  by  such  method  is  less 
active  in  a  chemical  relation  than  AIN,  formed  by  the  nitration  of 
aluminum . 

4.  Reduction  of  aluminum  oxide  with  simultaneous  nitration. 

For  the  industrial  production  of  technical  aluminum  nitride,  the 
so-called  Serpek  metnod  [6,  110,  600,  596]  was  used,  which  was 
found  on  the  reaction 

Ai»0,  +  3C  +■  N,  -  2AIN  +  3CO. 

The  reaction  is  endothermic,  it  occurs  with  the  absorption  of 
a  gre-.*t  quantity  of  heat,  and  the  temperature  the  reduction-nitration 
is  of  the  order  of  1600-1800°C.  In  the  presence  of  iron,  which  acts 
as  a  catalyst,  the  temperature  of  the  process  drops  to  1400°C. 

In  industry  this  method  (intended  for  the  subsequent  decomposition 
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of  aluminum  nitride  by  steam  with  the  formation  of  aluminum  hydroxide 
or  soda  with  the  formation  of  sodium  aluminate)  is  carried  out  in 
revolving  furnaces  60  m  long  and  3-1*  m  in  diameter. 

5.  Other  methods  of  producing  aluminum  nitride. 

Aluminum  nitride  is  obtained  by  the  heating  of  thin  powder  of 
aluminum  phosphide  in  a  slow  current  of  dry  ammonia  for  1-2  hours 
at  a  temperature  of  1000-11Q0°C  [5991 

A1P  +  NH,  k’Si  4  V«P«  +  3/2H*. 


Here  un  amorphous  AIN  powaer*  will  be  formed,  and  only  after 
r.ultihour  heat  treatment  at  1100cC  are  lines  characteristic  for  the 
hex;:.. oral  aluminum  nit-rid,-*  roentgenograph! c ally  revealed. 

Frodu>-tioi  articles  i-'orn  ■.  lumlnum  nitride.  Articles  from 
aluminum  nitride-  are  produced  by  different  methods:  1)  by  sintering 
of  preliminarily  pressed  billets  from  powder  of  aluminum  nitride; 

2)  by  reaction  sintering  of  billets  from  aluminum  powder  in  nitrogen 
or  ammonia;  3)  by  hot  pressing  of  powder  of  aluminum  nitride. 

The  first  of  these  methods  can  be  carried  out  according  to  the 
technology  described  in  detail  in  [605].  Nitride  powder  in  a  mixture 
with  aluminum  powder  or  powder  in  a  quantity  of  10%  are  pressed  with 
a  plasticizer  (5-6%  addition  of  5%-solution  of  synthetic  rubber  in 
gasoline),  the  billet  is  dried  and  baked  according,  to  defined 
conditions  with  the  final  temperature  of  sintering,  of  1900°C  in  a 
medium  of  nitrogen.  With  sintering  the  aluminum  powder  passes  into 
a  nitride  [609],  articles  will  be  formed  from  aluminum  nitride  with 
a  porosity  of  12-16%  [586],  and  according  to  [609]  -  even  a  porosity 
of  2-6%.  A  similar  method  is  described  in  a  patent  [606]  where  the 
powder  of  aluminum  nitride  is  mixed  with  a  small  quantity  of  aluminum 
and  a  binder,  which  can  be  cerezine,  ozocerite  or  polyglycol,  and 
also  with  a  plasticizer  -  trichlorethylene ;  it  is  pressed  and  baked 
in  a  medium  of  nitrogen  at  a  temperature  of  above  l400°C.  It-  is 
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possible  to  produce  an  article  from  A IN  by  the  preliminary  activation 
of  the  pressings  by  heating  at  a  temperature  of  450°C  in  an  oxidizing 
medium  with  subsequent  sintering  in  a  nitrogen-containing  medium  at 
''-1^400° C .i  Based  on  the  same  principle  of  sintering  mixtures  of  powders 
of  nitride  and  aluminum  are  recommendations  of  patents  [607,  608]. 

Billets  from  aluminum  nitride  can  be  prepared  by  slip  casting 
[585].  Since  the  aluminum  nitride  hydrophobic,  then  as  a  suspending 
medium  dioxan  can  be  used. 

Good  results  are  given  by  hydrostatic  pressing  of  powder  of 
aluminum  nitride  with  subsequent  sintering  in  a  medium  of  argon  at 
1950-2050°C  [585]. 

I 

The  second  fundamental  method  of  producing  articles  from 
aluminum  nitride  is  reaction  sintering  of  billets  from  aluminum 
powder  in  a  medium  of  nitrogen.  This  method,  founded  on  the  nitration 
of  billets  from  aluminum  powder,  pressed  under  a  pressure  of  8  t/cm2, 
does  not  permit  production  of  an  arltcle  with  a  density  above  50-60$ 
of  the  theoretical  [234]. 

Hot  pressing  is  carried  out  under  a  pressure  of  300  kg/cm2 
at  temperatures  of  the  order  of  2000-2100°C  with  production  of 
articles  having  practically  zero  porosity  [605]  or  of  the  order  of 
1.5S  [609]. 

3 .  Gallium  Nitrides 

In  the  gallium-nitrogen  system  one  compound  is  revealed  - 
gallium  nitride  GaN.  Its  structure  was  first  investigated  in  work 
[613],  where  it  is  shown  that  GaN  possesses  a  hexagonal  structure 
of  the  wurtzlte  type. 

Physical  properties.  Gallium  nitride  belongs  to  semiconductor 
compounds  of  the  ty,;e  A  and  it  differs  from  other  compounds 
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of  galliu**of  such  type  (phosphide*  arsenide,  antimonide,  stibnide, 
bismutide)  by  the  higher  malting  points  and  sublimation  and  also  by 
resistance !fcjo  oxidation  and  action  of  chemical  reagents.  •  The  width 
of  the  forbidden  band  of  gallium  nitride  according  to  various  measure¬ 
ments  consists  3*25-3*6  eV  [6l4],  which  corresponds  to  the  high 
electrical  resistance  of  nitride,  which,  according  to  Reriner  [57*0 » 
consists  10-100  ft* cm  and  according  to  data  of  [331,  obtained  on  a 

Q 

purer  preparation,  —  4.0*10  ft*cm. 

The  melting  point  of  GaN  is  ^1500°C  [574],  and  the  vapor  pressure 
at  a  temperature  of  1130°C  reaches  4*10”^  at.  [617],  which  is 
confirmed  by  measurements  conducted  in  [574],  where  it  was  assumed 
that  nitride  sublimates  mono-  or  polymclecularl^ ,  without  dissociation. 
However,  in  [613]  it  is  affirmed  that  gallium  nitride  is  thermally 
unstable  and  dissociates  starting  from  temperature  below  600°C 
and  at  1000°C  dissociates  completely  to  gallium  and  nitrogen.  At 
the  same  time  according  to  values  of  free  energy  and  heat  of  formation 
[617],  it  is  possible  to  calculate  the  equilibrium  pressure  of 
GaNra3  vapor,  which  at  1500° C  proves  to  be  equal  to  4.10”5  mm  Hg,  which 
is  considerably  lower  than  the  vapor  pressure  of  gallium  (2*10~1 
mm  Hg).  From  these  data  it  follows  that  gallium  nitride  not  only 
does  not  dissociate  but  vaporizes  nob  in  the  form  of  diatomic 
molecules  and  forms  complex  polymers  in  the  vapors.  Therefore, 
authors  [6l6]  investigated  the  composition  of  vapor  oyer  gallium 
nitride  by  the  mass  spectrometric  method.  It  is  shown  that  gallium 
nitride  vaporizes  basically  in  the  from  of  dimers  and  does  not 
dissociate  (dissociation  in  vapors  is  possible  only  with  additional 
excitations,  for  example,  with  collisions  of  polymers  with  electrons). 

Gallium  nitride  possesses  luminescent  properties,  in  particular, 
in  the  investigation  of  cathodoluminescence  on  GaN  powders  two  maxima 
of  intensity  are  revealed  at  3200  and  5200  A  [615,  614], 

Gallium  nitride  is  a  superconductor  with  the  transition  point 
to  superconductivity  of  5.85°K,  i.e.,  is  as  yet  a  rather  rare  combina¬ 
tion  of  a  superconductor  and  semiconductor  [6l8].  Information  on 
physical  properties  of  GaN  are  given  in  Table  100. 
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Table  IOC.  Properties  of  gallium  nitride. 


Characteristic 

GaN 

Nitrogen  content,  wt.  % 

16.72 

Crystal  structure 

Hexagonal,  wurtizite  type 

Lattice  constants  A: 

a 

3.180  [31] 

Q 

5.166 

c/a 

1.625 

Density,  g/cm^ 

6.1 

Melting  point,  °C 

^1500  [61*0  (is  decomposed) 

Heat  of  formation,  kcal/mole 

24.9  [112] 

Energy  of  dissociation,  kcal/mole 

72-101  [611] 

Specific  electrical  resistance,  0-cm 

4.0.108  [33] 

Width  cf  forbidden  zone,  eV 

3.25-3.60  [33,  614] 

Temperature  of  transition  to 

superconductivity,  °K 

5.85  [618] 

Vapor  pressure  at  1100° C  at, 

4 • 10”11  [617] 

Chemical  properties.  Gallium  nitride  is  resistant  to  the  action 
of  different  chemical  reagents  [612].  With  boiling  sulfuric  and 
nitric  acid  do  not  act  on  powdery  nitride,  and  at  the  same  time  with 
solutions  of  alkalis  it  3s  rapidly  and  completely  decomposed  but 
more  slowly  than  AIN  by  alkalis  [574]. 

In  air  it  begins  to  be  oxidized  (in  the  form  of  powder)  at  a 
temperature  of  800°C,  and  oxidation  is  completed  at  1200°C  with 
the  formation  of  Ga2C>2  [612].  Hydrogen  does  not  act  on  GaN  [6l4]. 

Methods  of  production.  Gallium  nitride  is  produced  by  the 
heating  of  metallic  gallium  in  a  current  of  ammonia  at  a  temperature 
of  1200° C  [613]. 

According  to  Kahn  and  Juze  [31],  and  also  Johnson  and  his 
colleagues  [62],  gallium  nitride  can  be  produced  by  double  h^atin^ 
of  metallic  gallium  in  a  corundum  boat  in  the  rapid  current  of 
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ammonia  for  2  hours  atllOO°Cwith  the  crushing  of  the  intermediate 
product  produced  after  the  first  nitration.  It  is  possible  to 
produce  gallium  nitride  by  the  decomposition  ammonium  flurogallate 
(NHjj^GaF^  In  a  current  of  ammonia  at  900°C  [10.2].  According  to 
Renner  [57^3  gallium  nitride  is  produced  by  the  decomposition  of 
salt  GaCl3*NH3  at  900-1000°C. 

In  work  [599]  gallium  nitride  was  produced  by  heat  treatment  of 
fine  powder  GaP  or  GaAs  in  a  current  of  dry  ammonia.  The  transforma¬ 
tion  of  GaP  in  GaN  starts  at  a  temperature  of  900°C,  and  full 
transformation  in  nitride  occurs  with  heating  fc"  2  hours  1000-1100°C. 
The  GaAs  with  ammonia  starts  to  react  at  700°C,  and  the  quantitative 
transition  of  arsenide  in  gallium  nitride  is  observed  for  1-2  hours 
at  1000°C.  Cooling  of  products  of  the  reaction  is  produced  in  a 
medium  of  ammonia.  With  the  use  of  phosphide  gallium  nitride  of 
yellowish  color  is  produced,  and  when  using  arsenide  -  a  white  color. 

Numerous  methods  of  producing  gallium  nitride  are  given  in 
[6193. 

A  detailed  investigation  of  conditions  of  the  formation  of 
gallium  nitride  is  carried  out  in  [620],  The  difficulty  of  nitration 
of  gallium  is  the  formation  by  fusible  gallium  (m.p.  29.7°C)  of  the 
surface  of  the  melt,  which  causes  sharp  reduction  in  the  reaction 
surface.  Therefore,  multiple  nitration  with  the  production  of 
nitride  of  a  stoichiometrical  composition  is  necessary.  The  authors 
[620]  used  scarifiers,  which,  being  decomposed  during  heating,  separate 
the  gases  mixing  the  liquid  gallium  and  facilitate  the  access  to 
it  of  the  nitrating  agent.  The  most  successful  scarifier  is  carbonate 
ammonium,  with  the  decomposition  of  which  there  is  separated 
ammonia,  which  participates  in  the  loosening  and  in  the  process  of 
nitration,  and  a.lso  (XU.  which  greatly  lossens  the  melt.  Results  of 
the  Investigations  are  shown  in  Fig.  122.  Such  a  method  permits 
producing  with  the  ratio  Ga:  (NH^CO^  «  1:1,  with  the  use  of  ammonia 
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as  the  nitrating  agent  at  a  temperature  of  1050-1200°C  and  holding 
time  of  0.5-2  hours,  the  gallium  nitride  of  exact  stoichiometrical 
composition,  with  an  85—95%  yield  of  gallium  in  the  product  of 
nitration. 
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Fig.  122.  Dependence  of  the  content  of  nitrogen  and  yield  of  gallium 
in  the  product  of  nitration  of  metallic  gai3ium  in  a  mixture  with 
ammonium  carbonate  on  the  temperature  and  time  of  nitration.  Time  of 
nitration:  1—1  h;  2  —  4  h;  3  ~  calculated  content  of  nitrogen  in 
GaN;  yield  of  gallium  into  the  product  of  nitration  with  nitration 
in  the  course  of:  *1  -  1  h,  5  -  4  h. 


The  method  of  obtaining  of  gallium  nitride  is  developed  by 
reduction  of  the  gallium  oxide  by  ammonia  with  simultaneous  nitration 
[620] 


G*A  +  2NH,  ~  2CaN  +  3H A 

.  1 

With  the  use  in  this  case  of  carbonate  ammonium  (1:1)  as  the 
scarifier  nitride  of  calculated  composition  will  be  formed  with 
prolonged  holding  at  1050°C  with  holding  for  1-2  h  at  1100-1200° C 
(Fig.  123).  The  GaN  is  also  obtained  by  reduction  of  the  gallium 
oxide  by  ammonia  at  60C-1100°C  [615], 


Both  these  methods  are  convenient  for  producing  gallium  nitride 
in  large  quantities. 
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Pig.  123.  Dependence  of  the  content  of  nitrogen  and  yield  of  gallium 
in  the  product  of  nitration  of  gallium  oxide  in  a  mixture  with 
ammonium  carbonate  on  the  temperature  and  time  of  nitration  (designa¬ 
tions  are  the  same  as  those  on  Pig.  122). 


Rabenau  [619]  indicates  the  possibility  of  production  single¬ 
crystal  GaN  samples  by  means  of  sublimation  of  it  at  a  temperature 
of  1000-1100°C.  A  more  promising  method  is  the  growing  of  single 
GaN  crystals  from  solutions,  for  example,  nitride  in  gallium  [6l4]. 
riowever,  since  the  solubility  is  small  (does  not  exceed  1-2%),  the 
producing  of  more  or  less  large  single  crystals  by  this  method  is 
improbable . 


4 .  Indium  NjLtrides 


Just  as  aluminum  and  galliunj,  .ipdium  forms  one  nitride  -  InN, 
which  ha3  the  structure  of  wurtzite^‘i(a  *  3.533;  c  *  5.693;  c/a  = 

=  1.611  [33]). 


Physical  properties.  "Indium  nitride  Is  a  semiconductor,  but 
properties  of  it  in  this  respect  have  absolutely  not  been  studied. 

In  work  [33]  it  is  noted  that  InN  has  a  metallic  character  with  a 
resistance  of  the  order  of  4«10  J  fi«cm  and  temperature  drag  coefficient 
of  •*•0. 00037  deg  ^ .  The  authors  [57*0  also  indicate  its  good 
conductivity  and  resistance,  which  is  considerably  less  than  1  fi*cm. 
From  these  data  it  follows  that  InN  is  a  semimetallic  compound. 
Theoretical  appraisals  show  the  width  of  the  forbidden  band  of  indium 
nitride,  if  it  is  a  semiconductor,  should  be  of  the  order  of  aE  *  2.4 
eV. 


Th®  hardness  of  InN  is  less  than  that  of  AIN  and  QaN,  the  density 
is  6.88  g/om  ,  and  the  heat  of  formation  from  the  elements  is  4.6 
kcal/mole  ^33  ♦  The  energy  of  dissociation  is  equal  to  70-116 
kcal  [6llJ, 

Chemical  properties.  According  to  data  of  [612],  indium  nitride 
is  very  unstable  in  a  chemical  respect.  It  is  rapidly  decomposed 
by  sulfuric,  nitric  and  hydrochloric  acids  and  by  aqueous  solutions 
of  alkalis  with  boiling  (in  work  [574]  of  indium  nitride  is  assigned 
a  higher  chemical  stability).  In  air  it  is  stable  up  to  a  temperature 
of  300° C  and  at  350°C  almost  completely  and  in  a  stepwise  manner 
oxidizes  to  In203,  and  oxidation  is  completely  finished  at  600°C 
(Fig.  124). 


of  the  oxidation  of 
InN  in  air. 

Methods  of  production.  Indium  nitride  is  usually  produced  by 
the  decomposition  of  ammonium  hexafluorindate  (NH^InPg)  at  600°C 
[6,  31,  33,  102].  Later  Renner  [574]  describes  the  method  of 
producing  InN  by  the  decomposition  of  indium  chloride  InCl^  *xNH- 
at  temperatures  of  the  order  of  400°C.  In  that  part  of  thereaction 
tube  which  has  a  temperature  of  600°C  for  several  hours  a  black 
layer  is  deposited,  and  with  the  very  slow  process  and  corresponding 
temperature  rate  of  indium  nitride  will  be  formed  in  the  form  of 
brown  transparent  crystals. 

In  work  [622]  indium  nitride  is  produced  by  the  reaction  of 
indium  oxide  with  ammonia 
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with  the  U3e  as  a  scarifier  (for  increasing  the  reaction  surface) 
carbonate  ammonium.  After  4  hours  at  a  temperature  of  ,6lO°C  with 
the  ratio  In:  (NH^CO^  *  1:3*  indium  nitride  of  a  practically  stoichio 
metrical  composition  will  be  formed. 

In  survey  [6l4]  the  fundamental  possibilities  of  producing 
single  crystals  of  indium  nitride  are  discussed. 

5.  Thallium  Nitrides 

In  certain  sources  [1,  6]  the  existence  of  the  nitride  TIN, 
formed  at  a  temperature  of  620°C  by  the  reaction  of  thallium  vapors 
with  ammonia  [6231  is  indicated.  With  heating  in  hydrogen  it  is 
reduced  to  metallic  thallium.  The  energy  of  dissociation  is  equal 
to  92-92  kcal/mole  [611]. 

Thallium  nitride  of  the  composition  Tl^N  is  produced  by  the 
reaction  3TiN0^  +  3KMli ^  =  Tl^N  +  3KN0^  +  2NH^,  which  leads  to  the 
deposit  of  thallium  nitride  in  the  form  of  a  black  deposit  [624]. 

The  Tl-jN  '.explodes  upon  contact  with  water  or  diluted  acids  and  with 
heating  dr  a  shock.  Let  us  dissolve j TINO^  and  KMH^  in  ammonium 
solutions . 

With  the  reaction  of  NaN^  with  the  solution  of  thallium  sulfate 
or  nitrate,  azide  TIN^  will  be  formed,  which  is  well  soluble  in 
hot  water.  It  is  necessary -to  note  that  in  the  attempt  to  reproduce 
these  data  positive  results  were  not  obtained;;  thus,  the  existence 
of  thallium  nitrides  is  very  problematical. 


Footnotes 


According  to  data  of  [639],  resistance  BN  at  2000°C  is 
2*  10“*  a  •cm. 


detailed  study  of  the  stability  of  AIN  in  mineral  acids 
and  solutions  of  alkalis  is  conducted  in  work  [612]. 
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CHAPTER  VII 


NITRIDES  OF  ELEMENTS  OF  THE  CARBON  SUBGROUP 
1.  Silicon  Nitrides 


An  investigation  of  conditions  of  producing  and  properties  of 
compounds  of  silicon  with  nitrogen,  which  started  as  early  as  1844, 
showed  the  presence  in  this  system  of  several  chemical  compounds  to 
which  compositions  SiN,  Si2N2,  Si^  are  ascribed.  At  present  the 
existence  in  the  silicon-nitrogen  system  of  only  chemical  compound  - 
silicon  nitride  Si^N^  is  uniquely  proven. 

One  of  the  first  investigations  of  the  structure  of  this 
compound  was  carried  out  in  L525,  1025].  A  rhombic  structure  was 
set  with  lattice  constants:  a  *  13-38,  b  =  8.60,  c  *  7.74  51  (see 
also  [529,  532]).  Then  it  was  reported  about  the  hexagonal  silicon 
nitride  [526].  Turkdogan,  Bills  and  Tippet  [527],  and  also  authors 
[526]  revealed  that  there  are  two  modifications  of  nitride  a-  and 
8-Si^N|j  roentgenographically  investigated  in  [528,  559].  Both 
modifications  proved  to  be  hexagonal. 

Both  structures  are  constructed  from  tetrahedrons  SiN^,  and 
the  difference  consists  in  the  method  of  joining  these  tetrahedrons 
(tetrahedrons  SiN^  are  almost  regular,  and  the  distances  of  Si-N 
2.72-1.75  A). 

The  structure  of  B-Si^  (space  group  P6^/m)  can  be  removed  from 
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the  structure  of  pheiiseite  SejSiO^  by  the  substitution  of  oxygen  and 
beryllium  atoms  by  nitrogen  and  silicon  atoms  respectively.  Each 
silicon  atom  is  found  in  the  center  of  a  slightly  incorrect 


tetrahedron  of  nitrogen  atoms.  Cells  Si^N^  are  connected  by  common 
angles  in  such  a  way  that  each  nitrogen  atom  is  common  for  all 
tetrahedrons.  Otherwise  the  structure  can  be  represented  in  the 


form  of  elgght-meraber  rings  Si^N^  united  with  each  other  in  the 
appropriate  way. 


The  structure  of  a-Si^N^  (space  group  P3.1C)  is  different  than 
the  B-modi*fication:  in  latter  the'  planes  are  united  along  the 
direction  (001)  In  the  sequence  ABABAB...,  whereas  in  the  lattice 
of  ct-modification  -  in  the  sequence  ABCDABCDABCD. . . 


The  number  of  formula  units  in  the  unit  cell  of  the  a- 
modification  is  equal  to  four,  and  in  the  B-modification  -  two. 

The  following  data  for  lattice  constants  are  obtained  [530,  531] 


Modification 

o 

a,  A 

O 

0^  A 

c/a 

Li  ter  a^ 
cure 

a-Sl-N.. 

7.748 

5*617 

0.725 

[528] 

3  ** 

7.76 

5.62 

0.726 

[530] 

7.76 

5.64 

0.727 

[531] 

B-Si^Nj. 

7.608 

2.9107 

0.3826 

[528] 

3  *♦ 

7.59 

2.90 

0.383 

[530] 

7.59 

2.92 

0.335 

[531] 

The  solubility  of  nitrogen  in  solid  silicon  is  not  quite 

definitely  established,  and  the  solubility  in  liquid  silicon  is  of 
iq  •a 

the  order  of  10  atoms/cm  . 


Physical  properties.  Atoms  of  silicon  and  nitrogen  in  Si^N^ 

are  united  by  covalent  saturated  bonds,  the  presence  of  which 

•a 

follows  from  the  fact  that  every  fourth  hybrid  spJ-orbit  of  the 

atom  is  covered  with  a  hybrid  sp  -orbit  of  a  nitrogen  atom  [528], 

The  remaining  completely  occupied  p-orfcits  of  each  nitrogen  atom 

2 

are  perpendicular  to  three  planes  of  sp  -orbits  and  cannot 
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participate  in  the  bond.  The  covalence  of  the  bonds  is  indicated, 
in  particular,  by  the  high  electrical  resistance  of  the  nitride, 
which  consists  of  more  than  10  n*cm  [529].  A  detailed  investiga¬ 
tion  of  the  electrical  resistance  of  silicon  nitride  is  carried  out 

in  [534] ,  where  it  is  shown  that  the  electrical  resistance  of  Si-.N,, 

l-a  3 

at  room  temperature  is  10  -10  Q*cm  ,  and  with  an  increase  in 

temperature  it  rapidly  drops,  reaching  at  300° C  to  2*10®  ft* cm 

(Pig.  125).  The  sharp  bend  on  the  curve  of  electrical  conductivity 

at  700°C  corresponds  to  modification  transformation,  also  established 

dilatometrically  (Pig.  126).  The  phase  transition  displaces  impurity 

level  in  the  energy  spectrum  Si^N^.  The  value  of  the  energy  of 

activation  of  impurities  E0  =  1.13  eV  at  300-650°C  and  3.91  eV  - t 

650-1200°C.  In  the  second  case,  apparently,  chiefly  an  intrins.  , 

conductivity  is  observed,  and  quantity  EQ  approximately  characterizes 

the  width  of  the  forbidden  band  of  silicon  nitride.  The  addition  to 

the  carbon  nitride  decreases  and  titanium  nitride  increases  the 

electrical  resistance  of  the  nitride  (see  Fig.  125). 


Fig.  125. 


Pig.  126. 


Fig.  125.  Dependence  of  electrical  conductivity  of  silicon  nitride 
and  alloys  of  silicon  nitride  with  titanium  and  carbon  on  tempera¬ 
ture.  Designation:  =  eV. 

Fig.  12b.  Dilatometric  curve  of  silicon  nitride. 


In  accordance  with  the  strong  covalent  bonds  between  the  atoms, 
silicon  nitride  possesses  high  hardness  and  small  coefficie^4-  of  5 
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thermal  expansion.  The  energy  isolation  of  groups  of  atoms  entering 
into  its  composition  causes  its  dissociation  to  smelting,  just  ;as 
all  other  c-.^alent  nitrides  possessing  .  .unmetallic  properties  do. 

The  pressure  of  dissociation  of  silicon  nitride  is  expressed 
by  the  equation  [7^3 


Igp 


19250 

T 


+  8.54. 


* 


a 


The  pressure  of  dissociation,  equal  to  1  at,  is  reached  at  a  tempera' 
ture  of  1977°C  (see  also  [1106-1108]). 


Below  (Table  101)  basic  data  about  properties  of  silicon 
nitride  are  given. 


Table  101.  Properties  of  silicon 
nitride 


Charaotarcstio 


PS1.N, 


Contant  of  SI,  wt.  % 

Crystal  struoture  . 

Lattioe  constants,  As 

a 

o 

o/a 

Density,  g/cm'*: 

X-ray 

pyonometrie 
Halting  point,  °C 
Haat  of  formation,  koal/mole 
Haat  oapacity  (298-90CPK), 
cal/mole.deg 

Thermal  conduction,  cal/om«deg.s 
Coefficient  of  thermal  expansion 
(20-1000°C),  xlO6  deg"1 
Entropy  (S0^).  oal/dag  mole 

Speoifio  oleotrioal  resistanoe 
(20 °C },  (Km  ,  „  , 

Dieleotrio  oonstent  (at  28°C) 

Micro  hardness,  kgAan* 

Rookwell  hardness  (R*) 

Elastic  modulus,  kg/m? 

Tensile  stren.  with  flexure.  kg/fan4 
20°C  1 


60,2 

Hexagonal 

7,76  *5311 

5.64 

0,727 

3,184  |5271 
3.„  ^ 


60.2 

Hexagonal 

7.59  [521] 

2,92 

0,335 

3,187  [527] 
3.21  [530] 
535] 


iation  factor  (A  ■  655  nm) 
800-160GOC 


179,5  [551.  1118]  . 

16,83+23,6.10-^  i<7] 
0,011  1542],  also  155J1 
2,75  [535] 

23,0±2,5  [47] 

10‘* — 10*«  [534] 

9,4  [5301 
3337+120  [544] 

99  (535! 

11600-14500  [535 

16,0  [5421 
14,7  {542J 

0 ,77  [340] 


37Q 


Chemical  properties.  One  of  the  most  important  properties  of 
silicon  nitride  is  its  especially  high  chemical  stability  [530,  535, 
542].  The  chemical  properties  are  given  in  Table  102. 


Table  102.  Reagents  to  which  silicon 
nitride  is  resistant. 


Reagent 

State 

.  .  ; 

Stability 

20  %  HO 

Boiling 

(Not  decomposed 

diring  >500  h) 

65%  HNO, 

Bolling 

The  ease 

HNO, 

Smoking 

The  same 

10%  H£0« 

At  70°C 

The  sane 

77  %  figSGs 

At  20° C 

The  acne 

85%  H£0, 

Die  eaae 

The  sane 

HPO, 

The  sane 

The  same 

20%  fcsOH 

The  sane 

The  sane 

The  sane 

The  same 

CJ, 

At  30-900OC 

The  seme 

H,S 

At  1000°C 

The  eane 

HjS04+CuS0,4- 

+KHSO, 

Conoentrated  boiling 

The  same 

NaNOj+NaNO, 

Kelt  at  a  temperature 

50  %  NaOH 

350°C 

Kelt  at  a  temperature 

The  sane 

790OC  boiling 

Stable  during  115  h 

N*OH 

|  Kelt  at  a  temperature 

of  450°C 

Stable  during  5  h 

48  %  HF» 

At  7C°C 

Stable  during  3  h 

3%  HF+W%  HNO, 

At  70° C 

Stable  during  116  h 

NaCl+HCI 

Melt  at  900 °C 

Stable  during  144  h 

iS|^+VA 

At  11000C 

Stablo  during  4  h 

At  80OOC 

Stable  diving  100  h 

•See  also  [547], 


Silicon  nitride  is  resistant  to  the  action  of  oxygen.  According 
to  data  of  [530],  with  the  action  of  oxygen  on  powder  Si^N^  at 
1000°C  for  3  hours  14.755  of  this  power  is  oxidized;  at  1300°C  -  23.6% 
and  at  1400°C  -  49.555.  Silicon  nitride  is  even  stabler  to  the 
oxidation  of  air.  (According  to  data  of  [527],  with  heating  in  a 
current  of  air  1450° C  for  20  hours,  the  increase  in  weight  is  a  total 
of  11.355.)  Compact  and  dense  articles  can  be  used  in  air  up  to 
temperature  of  1200°C  for  a  sufficiently  prolonged  time  [536].  In 
work  [547]  the  stability  of  silicon  nitride  is  the  form  of  powder 
at  600-l400°C  in  air  and  at  1200°C  in  water  vapors  is  investigated. 

It  is  shown  that  the  oxidation  in  air  starts  at  1000° C  with  the 
degree  of  transformation  of  nitride  into  oxides  of  0.1135,  and  c».e 
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further  degree  of  decomposition  increases  for  each  1C0°C  by  0.2- 
0 . 3%  up  to  1400° C,  when  the  rate  of  decomposition  sharply  increases 
and  reaches  1 . 41% .  In  water  vapors  in  1  hour  at  1200°C  the  degree 
of  decomposition  is  more  than  256.  The  increase  in  weight  of  samples 
Si^Njj  after  80  hours  at  1200° C  is  a  total  of  5  mg/cm^  while  samples 
of  TiB2  ~  10,  and  of  TiC  -  42.5  mg/cm^.  An  even  greater  resistance 
to  oxidation  in  air  is  possessed  at  this  temperature  by  silicon 

carbide  on  a  bond  of  silicon  .nitride  (increase  in  weight  of  2.5 

2 

mg/cm  ) 4 

According  to  data  of  C991],  silicon  nitride  in  air  at  1100- 
1500°C  oxidiaes  basically  with  the  formation  of  silica;  the  addition 
of  NaP  promotes  the  oxidation  of  silicon,  nitride  to  hydroxynitride. 

In  coke  filling  at  1450-1550°C  silicon  nitride  is  decomposed  with 
the  formation  of  hydroxynitride  and  cubic  silicon  carbide;  the 
addition  of  CaP2  and  MgO  promote  the  transition  of  silicon  nitride 
in  a  medium  carbon  monoxide  at  1550° C  in  silicon  hydroxynitride. 

Chlorine  weakly  acts  on  silicon  nitride  at  average  temperatures. 
Thus,  at  350-420° C  after  2  hours  the  loss  of  weight  with 
the  treatment  of  the  powder  of  nitride  by  chlorine  is  0 .77—0 . 9535 
[530]. 1 

Silicon  nitride  is  distinguished  by  very  high  stability  with 
respect  to  melted  metals.  Table  103  gives  data  obtained  during 
tests  of  crucibles  of  silicon  nitride  prepared  by  slip  casting  [535]. 
It  is  indicated  that  especially  silicon  nitride  is  resistant  to  melted 
aluminum,  the  stability  in  which  at  982°C  reaches  up  to  3000  h  with¬ 
out  any  noticeable  destruction  [537].  These  data  confirm  the  high 
resistance  of  silicon  nitride  to  the  action  of  aluminum  and  magnesium 
is  also  noted  in  work  [547].  Magnesium  acts  basically  on  silicon 
oxide  contained  in  the  nitride  with  the  formation  of  oxide  and 
sillcide  of  magnesium:  Si02  +  4Mg  «  2MgO  +  Mg^Si.  According  to 

‘For  chemical  properties  and  methods  of  analysis  of  silicon 
nitride  see  also  [110,  530,  532], 
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data  of  work  [538],  the  stability  of  silicon  nitride  in  melts  of 
chlorides  in  the  process  of  electrolysis  is  not  high. 

Figure  127,  according  to  data  of  G.  A.  Yasinskaya  [539],  shows 
results  of  the  comparative  investigation  of  the  stability  of 
articles  from  silicon  nitride  and  other  fireproof  materials  with 
short-term  contacting.  It  is  clear  that  transition  metals  act 
stronger  on  silicon  nitride  and  Intransitive  metals  and  nonmetals 
almost  do  not  act.  This  rather  well  agrees  with  magnitudes  of  inter¬ 
phase  energies  with  the  wetting  of  melts  of  silicon  nitride  [540]. 
According  to  data  of  [541]  given  in  Table  103,  silicon  nitride 
practically  does  not  react  with  mattes  and  slags  of  nickel  melts, 
cuprous  slags,  and  melts  cf  sodium  and  calcium  chloride,  slowly 
reacts  with  copper  matte  and  very  weakly  with  melted  basalt  and 
mixtures  of  sodium  and  barium  chloride. 
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Fig.  127.  Character  of  th«  reaction  of  refractory  compounds  with 
melted  metals:  1  -  do  not  freact  (1st  point);  2  -  weakly  react 
(2nd  and  3rd  point);  3  -  react  (4th  point);  5  -  temperature  of 
experiment,  °K;  6  -  duration  of  experiment,  min;  7  -  duration  of 
experiment,  h.. 
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Table  103.  Resistance  of  silicon  nitride 
to  the  action  of  melts. 


Melt 

Tea* 

per*. 

Jr* 

Time  of 
oontaot 
h 

Remit  of  the  action 
on  ailloon  nitride 

Liter¬ 

ature 

Alum  inns 

■•00 

950 

Ooea  not  aot 

535 

Aluminum 

1000 

sopo 

Doei  not  aot 

537 

Lead 

400 

144 

Does  not 

535 

Tin 

300 

144 

Does  not  act 

535 

lino 

560 

Does  not  aot 

535 

Masissiur, 

75' 

Weakly  acts 

535 

Copper 

Copper  matte 

I!5 

Wj 

5 

Strongly  aot  a 

Aots 

535 

£41 

Cuprous  slag 

1300 

5 

Does  not  aot  , 

541 

Nlokel  matte 

1260 

5 

Doea  not  aot 

541 

Nlokel  slag 

12S0 

5 

Does  not  aot  j 

541 

Basalt 

1400 

9 

Weakly  aota  ] 

*541 

HaCl  *  CaCl2 

700 

so 

Does  not  aot 

541 

NaCl  ♦  BaCl2 

1100 

3 

Weakly  aots 

Ml 

Methods  of  producing.  To  produce  silicon  nitride  many  methods 
are  known: 

1.  Direct  nltrldation  of-  silicon.  This  method  is  described 
for  the  first  time  by  Balmain  [5^3],  who  by  heating  silicon  in  a 
medium  of  nitrogen,  which  is  separated  with  the  decomposition  of 
potassium  cyanide,  produced  silicon  nitride  of  an  indefinite 
composition  in  the  form  of  the  porous  fragile  sinter. 


In  [535],  for  the  production  of  nitride,  the  heating  of  silicon 
in  a  medium  of  nitrogen  at  a  temperature  of  1300°C  was  conducted* 

For  nitriding  are  the  most  favorable  dimensions  of  powder  particles 
are  150  meshes,  in  the  use  of  which  nitride  powder  with  a  coarseness 
of  the  particles  of  1-10  ym  is  obtained. 


The  kinetics  of  the  nitriding  of  silicon  powder  (with  a  purity 
of  99.2$  and  maximum  coarseness  of  the  particles  of  40  ym)  was 
investigated  in  [5^3 .  The  obtained  kinetic  curves  of  saturation 
by  silicon  nitrogen  are  shown  on  Fig.  128.  The  formation  of  silicon 
nitride  starts  at  a  temperature  of  970°C.  Reaction  constant  of 
nitriding  at  this  temperature  is  7. 49* 10“^  g/cm2,  at  1490°C  - 
2.00*10  g/cm  *s.  With  a  further  increase  in  temperature  up  to 
1600°C  the  constant  of  the  rate  of  nitriding  remains  constant,  and 
at  higher  temperatures  1-  decreases  sharply. 
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Pig.  128.  Kinetic  curves  >f  the 
saturation  of  silicon  by  nitrogen. 


Thus,  nitriding  at  temperatures  above  l600°C  causes  a  decrease 
in  the  increase  in  weight  as  compared  to  the  increase  in  weight  at  a 
temperature  of  l600°C,  and  temperatures  above  l600°C  the  rate  oi 
dissociation  prevails  over  the  formation  rate  of  nitride.  According 
to  data  of  this  work,  the  activation  energy  with  the  reaction 
diffusion  of  nitrogen  in  silicon  is  33,800  ±  7190  cal/mole. 

It  is  necessary  to  note  the  volatilization  of  silicon  nitride 
(suppressed  by  the  high  formation  rate)  is  already  revealed  in  the 
temperature  interval  of  120Q-l400°C  [545].  It  is  assumed  that 
silicon  nitride  Si^  dissociates  at  these  temperatures  not  to 
silicon  and  nitrogen,  but,  in  part'  illy  losing  the  nitrogen,  passes 
into  the  lowest  silicon  nitrides,  *  r  example,  SigN^.  However,  in 
this  work  tenseness  of  such  explanation  is  noted,  since  lowest 
silicon  nitrides  in  the  system  silicon-nitrogen  are  not  revealed. 

Somewhat  different  data  <  *  direct  silicon  nitriding  are  obtained 
in  [530].  It  was  determined  that  nitriding,  recorded  according  to 
the  increase  In  weight,  starts  at  a  temperature  of  1230°C,  regarding 
the  optimum  temperature  of  the  formation  of  nitride,  then  the  tempera¬ 
ture  at  l450cC  indicated  in  this  work  agrees  well  with  the  tempera¬ 
ture  at  1400-1490°C  established  in  [544], 

In  the  same  way  data  about  the  time  necessary  for  maximum 
saturation  of  the  silicon  by  nitrogen  at  a  temperature  of  1400°C 
agree  well  (at  lower  temperal  ures  in  [530]  saturation  to  limit  was 
not  produced). 
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Authors  [526,  r>*»/]  produced  silicon  nitride  by  nitration  at 
temperature  cl  1200-l60Q°C.  The  most  thorough  study  of  silicon 
nitration  is  conducted  in  [532],  where  it  is  shown  that  the  character 
of  kinetic  curves  of  saturation  of  silicon  by  nitrogen  is  somewhat 
different  in  ranges  of  1240-1315°C,  1315-1385°C,  1385-l4l5°C  and 
above  I4l5°c  (Pig.  129).  It  is  assumed  that  the  first  of  the 
indicated  ranges  corresponds  to  the  sample  dissolution  of  nitrogen 
in  silicon  (purely  diffusion  process).  Acceleration  of  the  reaction 
observed  in  the  range  of  1315-1385°C  can  be  explained  by  the 
distinction  of  coefficients  of  thermal  expansion  of  silicon  and 
silicon  nitride,  which  causes  stresses  in  the  nitride  film,  the 
appearance  in  it  breaks,  vacuums,  and  cracks  with  the  corresponding 
baring  of  the  surface  of  silicon  and  acceleration  of  the  nitriding. 

A  defined  role  is  played  by  the  pressure  of  crystallization  of  the 
silicon  nitride  produced.  At  a  temperature  above  1385°C  and  up  to 
1415°C  the  reaction  occurs  up  to  full  nitriding  of  the  silicon;  its 
high  rate,  just  as  in  the  preceding  stage,  is  also  explained  by  the 
cracking  of  the  nitride  layer,  especially  1415°C,  since  the  melting 
point  of  silicon  (1412°C)  its  vapor  pressure  is  high,  and  the  vapovs 
destroy  the  nitride  film,  transforming  it  into  microporous  body, 
through  which  nitrogen  easily  passes. 


Pig.  129.  Kinetic  curves  of  the  nitrid¬ 
ing  of  silicon  [532]. 


In  work  [527]  it  is  shown  that  the  reaction  of  the  formation 
of  silicon  nitride  with  the  nitriding  of  silicon  powder  accelerated 
sharply  with  the  addition  in  the  latter  of  lit  CaF2,  which  is  a 
catalyst  of  this  reaction. 
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The  authors  [1046]  investigated  the  effect  of  additions  of 
different  metals  (an  amount  of  2  wt.  Jf)  on  the  degree  of  the  trans¬ 
formation  of  silicon  into  nitride  with  nitriding  for  5  hours  at 
1300° C  in  a  current  of  nitrogen.  It  was  found  that  the  most  active 
catalysts  of  the  process  are  manganese,  iron,  cobalt,  palladium, 
nickel,  and  also  copper;  much  weaker  were  titanium,  vanadium, 
chromium,  molybdenum,  and  gold,  and  silver  and  zinc  even  prevent 
the  reaction  of  the  nitriding  of  silicon.  Since  nitriding  is 
conducted  with  molecular  nitrogen,  it  is  possible  to  assume  that 
the  action  of  the  catalyst  consists  in  the  disturbance  of  the  bond 
between  atoms  in  a  molecule  of  nitrogen, .watch  is  possible  if  the 
catalyst  is  an  acceptor  of  the  electrons.  All  metals  revealing  the 
catalytical  activity  with  the  nitriding  of  silicon  are  strong 
acceptors,  which  tend  to  the  localization  of  valence  electrons  with 
the  formation  of  maximum  statistical  weight  of  the  atoms  with  stable 
electron  configurations.  The  number  of  metal-catalysts  includes 
for  example,  nickel,  the  acceptor  properties  of  which  are  so  great 
that  is  Is  able  to  accent  the  valence  electrons  of  even  tungsten; 
similar  strong  acceptors  are  also  platinum,  palladium,  copper  and 
manganese. 

The  industrial  technology  of  producing  silicon  nitride  is 
described  in  [548].  The  silicon  is  crushed  pulverized  and  thoroughly 
washed  of  che  iron,  after  which  it  is  nitrtded  according  to  two-stage 
conditions:  at  1300-1350°  and  at  1500-1550° C  for  3  hours  in  each 
step.  Expenditure  coefficients  (for  I  kg  of  nitride)  are:  1  kg  of 
silicon,  6  m^  of  nitrogen,  70  kW  of  electric  power;  the  obtained 
technical  products  contain  58-59%  Sio6ui>  up  to  20  SiCBQ6  and  35-3856 
of  nitrogen. 

Direct  nitriding  of  silicon  can  also  be  conducted  with  ammonia 
[532].  In  [531]  by  the  same  method  silicon  nitride  was  produced 
by  the  action  on  powdery  silicon  of  ammonia  at  1200-1500°C,  in 
[559]  a-Si^Njj  was  produced  at  1350-1450°C  and  g-Si^N^  at  1500°C 
for  3  days. 


2.  Heating  of  the  mixture  of  silica  ana  carbon  in  a  medium 
of  nitrogen.  The  reaction  3Si02  +  6c  +  2N2  a  Si^N^  +  6C0,  results 
of  the  investigation  [544]  showed,  at  a  temperature  of  1000-l800°C 
passes  not  ir  e  direction  of  the  formation  of  silicon  nitride  but 
silicon  carl  ; -  ,  the  content  of  which  is  products  of  the  reaction  is 
increased  fiora  15$  at  a  temperature  of  1400°C  to  85$  at  1800°C; 

the  nitride  content  at  all  temperatures  does  not  exceed  2-4$. 

Therefore,  Weiss  and  Engel 'gardt  [549]  investigated  the  effect 
of  additions  in  the  charge  directing  the  reaction  in  the  direction 
of  the  formation  of  nitride  and  acceleracing  it.  They  revealed  that 
with  the  addition  of  the  chax'ge  of  10$  iron  oxide  the  reaction  at 
a  temperature  of  1250-1300° C  passes  with  the  preferential  formation 
of  silicon  nitride,  which  is  washed  of  compounds  of  iron  by  hydro¬ 
chloric  acid. 

3.  Other  methods  of  producing  silicon  nitride.  Schutzenberger 

and  Kelson  [550]  produced  silicon  nitride,  to  which  they  ascribed 
the  composition  SlgN^*  by  the  action  of  nitrogen  on  silicon  carbazote 
C2Si2N  at  high  temperatures.  There  is  pointed  out  the  formation  of 
silicon  nitride  of  the  composition  by  heating  of - triimidodisilane 

at  a  temperature  of  40f"C  [551].  The  producing  of  silicon  nitride 

is  described  by  the  nitriding  of  CaSi2  with  subsequent  washing  of  the 
product  of  reaction  by  hydrochloric  acid  [552]. 

The  authors  [530]  produced  silicon  nitride  of  a-modification  by 
heating  the  compound  Si(NH)~  at  1350° C;  a  similar  method  was  proposed 
earlier  by  Blix  and  Biruelbauer  [553]  and  in  [554]. 

Billy  [532]  Investigated  reactions  of  the  interaction 
tetrachloride  and  tetrabromide  of  silicon  with  ammonia,  showed  that 
in  this  case  there  will  be  formed  not  silicon  nitride,  but,  for 
example,  silicon  imlde  SiN2H2  or  ammonia  bromide  of  ammonium 
(NH^Br’xNH^) . 

In  work  [527]  silicon  nitrides  were  produced  by  the  nitriding  of 
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silicon  iron  alloys,  which  contain  from  2.83)8  Si  with  the  subsequent 

separation  of  nitride  by  the  treatment  brommetyl  ester  of  acetic 

acid.  An  X-ray  investigation  showed  the  presence  of  only  a-Si^N^. 

After  that  the  nitriding,  of  different  alloys  of  iron,  nickel, 

manganese  with  silicon  was  conducted,  and  it  is  shown  that  in  the 

composition  of  the  alloy  silicon  nitride  has  a  structure  different 

from  a-  from  but,  being  separated  from  the  alloy  by  chemical 

means,  it  is  always  turned  into  a-Si^N^.  It  is  assumed  that  this 

is  caused  by  the  formation  in  alloys  of  complex  nitrides  Me  Si  N  , 

x  y  z 

which  with  chemical  treatment  are  decomposed  with  the  separation  of 
Si^N^.  Conversely,  in  [560],  where  distinction  of  structure  of 
silicon  nitride  in  silicon  iron  alloys  from  the  structure  Si,N,,  was 

♦  O  H 

also  noticed,  it  was  assumed  that  in  the  alloys  there  will  be  formed 
the  lowest  silicon  nitrides,  which,  in  general,  is  improbable, 
although  their  existence  is  indicated  in  early  works.  In  presence 
of  iron  silicon  nitride  is  decomposed  with  the  separation  of 
nitrogen  [530]. 

The  question  about  the  behavior  of  nitrogen  is  silicon  iron 
alloys,  in  particular,  in  transformer  steels,  is  also  discussed  in 
[561-563]. 

Thus,  just  as  was  indicated  above,  the  only  real  method  of 
producing  silicon  nitride  is  the  direct  nitriding  of  silicon  by 
nitrogen  or  ammonia. 

Producing  articles  from  silicon ‘nitride .  The  most  technological 
method  of  producing  articles  from  silicon  nitride  is  the  so-called 
reaction  sintering,  which  consists  in  the  nitriding  of  billets 
pressed  from  silicon  where  processes  of  the  formation  of  silicon 
nitride  and  its  sintering  are  combined.  This  process  was  first 
studied  in  work  [535,  558],  where  billets  from  silicon  powder,  formed 
by  the  method  of  slip  casting,  were  subjected  to  treatment  by 
nitrogen.  Nitride  produced  in  the  nitriding  of  each  particle  fills 
the  volume  of  the  pores,  since  the  specific  volume  rf  nitride 
substantially  exceeds  the  specific  volume  of  the  initial  silicon. 
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in  practice  in  this  case  slightly  porous  or,  in  general,  nonporous 
articles  can  be  produced.  For  the  same  reasons,  i.e.,  due  to  the 
fact  that  an  increase  in  volume  with  nitriding  is  realized  as  a 
result  of  the  filling  of  the  pores,  the  change  in  overall  dimensions 
of  the  billets  with  reaction  sintering  is  small;  for  example, 
according  to  data  of  [535] j  it  does  not  exceed  ±0.005  mm/mm;  in 
[542]  no  change  in  the  dimensions  was  also  observed. 

Reaction  sintering  of  silicon  nitride  is  investigated  also  in 
[557,  234].  It  is  indicated  that  for  the  approach  to  tne  producing 
of  articles  of  theoretical  density,  it  is  necessary  to  use  billets 
from  silicon  having  the  largest  possible  density  (80-85?),  which, 
however,  is  practically  difficult  in  connection  with  the  poor 
compactibllity  of  the  silicon  powder. 

The  technological  layout  of  this  method  of  producing  articles 
is  described  in  detail  in  [548]. 

To  produce  large-dimension  articles  from  silicon  nitride,  it 

is  usually  more  convenient  to  use  the  method  of  pressing  of  billets 

from  nitride  powder  with  subsequent  sintering  in  a  medium  of  nitrogen 

[548,  555].  Although  tne  nitride  powder  is  pressed  better  than 

silicon  powder,  for  the  pressing  of  billets  use  different  plasticizer- 

glues  in  particular,  5%  solution  of  rubber  in  gasoline,  5?  aqueous 

solution  of  polyvinyl  alcohol,  or  starch  paste  (chiefly  the  first 

two,  since  with  the  burning  out  of  the  starch  paste  many  ashes 

2 

remain).  Pressing  is  conducted  under  a  pressure  of  1-2  t/cm 
(residual  porosity  of  the  billets  is  about  30?),  the  pressed  billets 
are  dried,  baked  in  a  medium  of  nitrogen,  at  first  500-600°C  for 
removal  (burning  out)  of  the  plasticizer  and  then  1550-l600°C  for 
2-3  hours.  In  the;  use  of  powder  of  silicon  nitride  with  a  high 
content  of  free  silicon  one  more  temperature  step  is  introduced, 

1350°C  for  the  nitriding  of  silicon.  With  sintering,  shrinkage  of 
the  articles  is  absent  and  the  porosity  is  not  changed,  i.e.,  it 
remains  practically  the  same  as  that  in  pressed  billets. 
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It  Is  convenient  to. produce  Initial  billets,  especially  for 

producing  complex  shaped  artioles,  by  slip  oasting  [555,  556] ,  in 

gypsum  molds  with  the  use  of  drosses  prepared  on  1-1. 5%  solution  of 

polyvinyl  alcohol  (H<:T  ■  40:60,  pH  ■  5,  electrolyte  -HC1). 

* 

In  work  [564]  it  is  proposed  to  obtain  dense  articles  from 
silicon  nitride  by  the  method  of  hot  pressing  with  so-called  fluxing 
additions,  from  which  the  best  result  is  given  by  MgO  and 
with  the  introduction  of  them  into  silicon  powder  in  the  amount  of 
0.1  to  10?»  (usually  -  5%)  •  Hot  pressing  is  carried  out  in  graphite 
molds  under  a  pressure  of  210  kg/cm  and  at  a  temperature  of  1600- 
1900°C  (usually  l850°C).  The  open  porosity  of  the  obtained  articles 
does  not  exceed  20%  and  basically  reaches  to  0.5%>  and  the  bending 
strength  is  35-84  kg/mm2  at  20°C  and  14-42  kg/mm2  at  1200°C.  The 
loss  in  weight  with  heating  in  air  at  1100°C  consists  of  less  than 

p 

1  mg/cm  . 

Thus,  with  hot  pressing  it  is  required  to  introduce  into  the 
composition  of  nitride  additions,  and  the  pure  silicon  nitride  is 
poorly  baked  by  hot' pressing.  In  work  [542],  for  the  production  of 
dense  compact  articles  from  nitride,  hot  pressing  of  its  mixtures 
with  silicon  (with  the  content  of  silicon  in  the  mixture  at  more 
than  20%)  is  proposed,  which  at  a  temperature  of  l400°C  and  pressure 
of  800  kg/cm  leads  to  the  producing  after  additional  nitriding  of 
articles  with  a  rather  high  density  (this  process  is  similar  to  the 
producing' of  self-bonded  silicon  carbide).  A  study  in  this  work  of 
the  effect  of  the  temperature  of  nitriding  on  the  strength  of  the 
silicon  nitride  showed  that  the  highest  lending  strength  is  possessed 
by  samples  produced  by  nitriding  at  l600°C  (oM3r  =  16  kg/mm2). 

Without  hot  pressing  by  separate  pressing  and  sintering, 
relatively  dense  articles  can  be  obtained  from  silicon  nitride  with 
magnesium  oxide  or  with  aluminum  oxide,  which  are  resistant  to 
oxidation  at  1200°C  and  possess  high  fireproof  properties,  especially 
in  melted  borax,  zinc  and  so  forth. 


At  present  attempts  are  being  made  to  produce  fibers  from  silicon 
nitride  [557]. 

Conditions  of  formation  and  certain  properties  of  pyrolytic 

silicon  nitride  [1006]  in  the  form  of  thin  films  are  also  investi- 

o 

gated.  The  density  of  pyronitride  is  equal  to  3. 02-3. 21  g/cm  ,  the 
refractive  index  is  2.0-2.06,  the  dielectric  strength  is  10'  V/cm, 
and  its  chemical  stability  in  different  reagents  is  very  high.  Thus, 
the  corrosion  rate  in  48$  HP  is  a  total  of  75-100  ^/minutes. 

Articles  f^om  silicon  nitride  yield  well  to  the  action  of  the 
usual  methods  of  machining  (they  are  similar  to  in  this  respect  to 
elephant  bone),  and  they  are  very  easily  treated  by  ultrasonics 
[776]. 

An  external  view  of  articles  from  silicon  nitride  which  are 
basically  of  fireproof  assignment,  is  shown  on  Pig.  130. 


Fig.  130.  External  view  of  articles 
from  silicon  nitride. 


2.  Germanium  Nitrides 

In  the  Qe-N  system  by  different  investigations  the  compounds 
Ge..N?  and  Oe^N^  are  found  [6,  525,  565-567].  However  results  of  a 


recently  performed  work  [568]  showed  that  the  nitride  Ge^N2> 
apparently,  does  not  exist.  Consequently,  germanium  will  form  one 
nitride  with  nitrogen  -  Ge^N^. 

The  structure  of  Ge^Nj.  was  investigated  by  Juza  and  Hahm  [102], 

who  revealed  that  this  compound  is  isomorphic  to  phenacite  BepSiCK, 

and  has  a  hexagonal  lattice  with  parameters  a  =  13.84,  c  =  9.25  A 

and  c/a  =  0.668.  Subsequently  the  structure  of  this  compound  was 

investigated  repeatedly,  so  that  in  [525]  for  it  the  rhombic  lattice 

with  parameters  a  =  13.38,  b  =  8.60  and  c  =  7.74  A  was  shown;  in  [529] 

two  modifications  are  revealed  —  a-Ge  Ni.  with  a  rhombic  lattice 
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(a  =  4.10,  b  =  7.10,  c  =  5.94  A)  and  g-Ge^N^  with  a  rhombohedral 
(a  *  8.62,  a  =  108°).  Here  it  was  established  that  a-Ge^N^  will  be 
formed  with  the  treatment  of  germanium  by  ammonia  and  3-Ge^N^  — 
with  the  reaction  of  GeOp  with  ammonia. 

It  is  necessary  to  consider  that  both  crystal  modifications  of 
germanium  nitride  are  hexagonal  and  isostructural  to  the  correspond¬ 
ing  modifications  of  silicon  nitride. 

Physical  and  chemical  properties.  Nitride  je^N^  a  light-brown 
substance  with  reddish  shade  possesses  high  electrical  resistance 
(of  the  order  of  10^  fl*cm  [33]),  density  of  5.29-5.31  g/cm^  [33,  102]. 
At  a  temperature  of  more  than  850°C  germanium  nitride  is  completely 
decomposed  into  elements  (up  to  850°C  in  a  medium  of  nitrogen,  it 
is  stable).  Heat  of  the  formation  is  15.6  +  1.7  kcal/mole  [569]. 

However,  in  [1060]  this  value  is  substantially  corrected  and  is 
from  90  ±  8  to  94  ±  3  kcal/mole.  The  evaporation  of  germanium 
investigated  in  the  same  work  in  the  temperature  range  of  923-963°K 
by  the  effusion  method  of  Knudsen  showed  that  with  evaporation  this 
nitride  dissociates  to  hard  germanium  and  nitrogen.  The  pressure 
of  nitrogen  above  the  germanium  nitride  is  2.40*10  at  at  933°K 
increasing  at  963°K  to  4.27*10-2  at. 

Germanium  nitride  starts  to  be  oxidized  in  air  at  750-800°r} 
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and  oxidation  is  completely  finished  at  950°C  (with  the  transforma¬ 
tion  of  0e02 ) . 

Methods  of  producing.  Germanium  nitride  Ge^N^  can  be  produced 
by  different  methods  [568],  the  most  widespread  of  which  is  the 
treatment  of  germanium  by  ammonia  As  can  be  seen  from  Pig.  131 
(curve  2),  nitriding  starts  at  700°C  and  especially  actively 
te’-ninates  at  750°C.  However,  even  at  8G0°C  germanium  nitride 
of  stoichiometric  composition  will  not  be  formed  and  a  further 
increase  in  temperature  causes  decomposition  of  the  product  already 
formed.  For  the  development  of  the  surface  of  nitration,  in  work 
[568]  it  was  proposed  to  mix  the  powder  of  germanium  with  a  scarifier, 
which  was  ammonium  carbonate.  During  the  use  of  a  charge  from 
germanium  powder  and  ammonium  carbonate  in  the  ratio  of  1:2,  nitra¬ 
tion  at  750°C  in  the  course  of  1  hour  permits  producing  germanium 
nitride  of  practically  accurate  stoichiometric  composition  (Fig. 

131,  curve  3). 


Fig.  J.31*  Results  of  germanium  nitrid¬ 
ing:  1 »-■  calculated  composition  of 
Ge^N^ ;  2  -  treatment  of  germanium  by 

ammonia;  3  -  the  same  with  a  scarifier 

(nh4)2)co3. 


It  is  also  possible  to  obtain  germanium  nitride  by  the 
reaction  between  germanium  and  ammonia  dioxide  in  the  presence  of 
ammonium  carbonate  and  without  it  in  a  current  of  ammonia.  An 
application  of  ammonium  as  a  scarifier  permits  lowering  the  temper¬ 
ature  of  nitriding  down  to  750°C.  Without  the  scarifier  the  reaction 
is  completed  in  4  hours  at  800°C,  and  at  850°C  the  time  of 
nitriding  is  reduced  to  1  hour,  but  technologically  this  temperature 
is  dangerous,  since  its  3mall  excess  leads  to  the  decomposition  of 
the  nitride. 
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In  work  [569]  a-Qe^N^  was  produced  by  the  action  of  ammonia  on 
the  germanium  powder  and  fl-Ge^  -  on  Ge02  at  750°  C. 

Nitrogen  does  not  act  on  germanium. 

3.  Nitrides  of  Tin  and  Lead 


A  report  is  given  about  the  producing  of  tin  nitride  with  the 
probable  formula  Sn^N^  by  means  of  the  evaporation  of  tin  in  a  medium 
of  nitrigen  [570,  29].  The  solubility  of  nitrogen  is  lead  up  to 
600°C  is  not  revealed.  Information  about  the  formation  of  nitrides 
by  it  is  not  available  [29]. 


( 
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CHA.PTER  VIII 


NITRIDES  OP  ELEMENTS  OP  THE  SUBGROUP  OP  NITROGEN  AND 

OTHER  ELEMENTS 

1. 

In  the  system  P-N  the  existence  of  compounds  PgN^,  P^N^  and 
PN  is  established.  The  most  widespread  method  of  producing  phosphide 
P^N,-  is  the  reaction  of  the  interaction  of  sulfide  PjjN^Q  with  gaseous 
ammonia  with  heating  [720]..  By  the  thermal  decomposition  of 
P3N5 * ^NH^  in  a  current  of  hydrogen  [721]  or  by  heating  of  PNC12  in 
a  current  of  ammonia  up  to  825°C  [722]  it  is  difficult  to  produce 
phosphide  P^  of  an  exact  composition. 

• 

Phosphide  PN  is  obtained  by  the  thermal  decomposition  of  P^N^ 
in  the  range  of  750-8lO°C. 

A 

The  authors  [723]  investigated  the  equilibrium  between  the  PN 
vapor  and  the  equimolar  mixture  of  phosphorus  ^and  nitrogen  at  900°CTJ 
the  rate  of  decomposition  of  the  PN  vapor  and  the  kinetics  of  the 
synthesis  of  phosphorus  nitrides  from  elements  (on  an  incandescent 
tungsten  thread).  The  equilibriums  (PN)V  „  t  xPN011  and  2PN  Q_  t 

a  jTB  rao  rd3 

+  Po  +  N?  were  examined  taking  into  account  the  equilibrium 
c.  j P 3. 3  <L  ,ra3 

P.  ♦  op 

r^,ra3  r2,ra3* 

It  was  determined  that  the  equilibriiun  concentration  of  phos¬ 
phorus  at  900°C  Is  1-3  vol.  %  at  0.7-1  at,  which  leads  to  the  value 
of  the  energy  of  dissociation  D  for  PN  equal  to  7.1  ±  0.05  eV.  For 


Compounds  of  Phosphorus  with  Nitrogen 
*  (Phosphorus  Nitrides)'  ' 
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the  equilibrium  constant  of  the  synthesis  of  PN#  from  the  elements 
values  from  1*10"2  at  900° C  to  2‘KT1  at  2000° C  are  obtained.  The 
mean  value  of  the  heat  of  formation  of  the  PN  from  elements  accord¬ 
ing  to  the  reaction  P2,ra3  +  N2,ra3  *  2PNra3  is  ^ * 2  keal/mole.  The 
activation  energy  of  the  given  reaction  is  equal  to  31  kcal/mole, 
and  this  value  shows  that  synthesis  reaction  of  PN  passes  not  through 
the  stage  of  free  atoms  P  and  N.  The  formation  rate  of  solid  PN 
from  P2  and  N2  on  tungsten  thread  at  1720-2127°C  is  prop<  rtional  to 
the  square  root  of  the  concentration  of  phosphorus.  The  activation 
energy  at  a  temperature  above  1800° C  is  equal  to  59  kcal/mole,  which 
is  close  to  the  energy  of  dissociation  of  phosphorus  on  the  atoms. 

The  ratio  N^P  in  solid  products  of  condensation  was  changed  from  1.03 
to  1.19  (in  the  initial  gas  mixture  this  ratio  was  1).  This  devia¬ 
tion  is  explained  by  the  formation  on  the  surface  of  tungsten  of 
complexes  from  P  atoms  and  Ng  molecules  of  the  type  PNN,  which  react 
then  with  P  or  N  atoms  with  the  formation  of  polymers  up  to  the 
composition  (p3Ntj)x« 

The  PN  phosphide  can  also  be  produced  with  thermal  decomposition 
P3N5  in  the  range  of  750^8l0°C. 

With  the  transmission  of  the  current  of  nitrogen  with  phosphorus 
vapors  through  the  electrical  arc  amorphous  phosphorus  nitrides  are 
obtained  with  the  ratio  N:P  in  the  range  1-1.5.  With  the  heating 
of  them  to  800-900°C  in  a  current  of  ammonia  this  ratio  increases  to 

1*7»  »  nitride  P3N5  having  a  crystal  structure  will  be  formed 

[724].* 

At  room  temperature  phosphorus  nitrides  are  completely  inert, 
cold  water  does  not  act  on  them  and  hot  water  reacts  slowly,  and 
they  are  not  decomposed  upon  heating  in  concentrated  and  diluted 
HC1,  diluted  HNO^  and  alkalis  solutions.  They  are  determined 

lp°r  the  X-ray  analysis  of  phofphorus  nitrides  see  [725]. 
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insignificantly  with  prolonged  boiling  in  concentrated  HNO^  and 
diluted  HgSOjj.  Chlorine  does  not  act  on  them  [726], 

Upon  heating  to  500-700°C  the  phosphorus  nitrides  start  to 
act  as  strong  reducers  due  to  the  decomposition  into  nitrogen  and 
elementary  phosphorus  [724]. 

The  density  of  is  equal  to  2.57-2.58  g/cm^  [720],  anc  the 

heat  capacity  up  to  300°C  is  expressed  as  Cp  ■  5*20  +  102* 10"^  T 
[84] . 


In  practice  in  the  majority  of  the  methods  of  producing 
phosphorus  nitrides  of  inconstant  composition  and  in  amorphous  form 
will  be  formed;  the  transfer  of  them  in  compounds  of  defined 
composition  is  produced  with  heating  in  defined  conditions. 

2.  Compounds  of  Arsenic.  Antimony  and 
Bismuth  171th  Nitrogen 

There  is  no  reliable  information  on  the  direct  compounds  As, 

Sb  and  Bi  with  nitrogen. 

3.  Compounds  of  Elements  of  the  Subgroup  of 
gen  with  Nitrogen 

Compounds  of  oxygen  with  nitppgen.  Nitrogen  with  oxygen  will 
form  these  oxides:  okide  NgO,  nitrogen  oxide  (monooxide)  NO, 
nitrogen  trioxide  NgO^,  nitrogen  dioxide  NOg,  nitrogen  tetroxide 
NgOjj  and  nitrogen  pentokiderNgO^',  the  methods  of  producing  which 
and  the  physicochemical  properties  are  described  in  detail  in 
courses  of  inorganic  chemistry  [727].  All  these  compounds  have  a 
covalent  character  of  the  bonds. 

Nitrous  oxide  NgO  is  a  colorless  gas  with  the  boiling  point  of 
89.5°C,  melting  point  of  102. 4°C,  critical  temperature  of  36.5°C, 
and  critical  pressure  of  71.1  at.  The  structure  of  the  solid 
nitrous  oxide  is  cubic  (isomorphic  C0g)  with  the  most  compact  cubic 


packing  of  molecules  N20,  and  linear  C02  Imoleoules  are  directod  alon*/ 
four  nonintereecting  axes.  The  lattice  constants  a  »  5.656  %, 
Langmuir  proposed  for  N20  the  following  electron- structure ? 
which  was  then  augmented  by  resonance  forms: 

and  : N+ : : N : 0" : . 

In  accordance  with  this  structure  the  molecule  of  No0  has  a 
very  small  dipole  moment  equal  to  0.14* 10“  0  esu.  Prom  the  point 
of  view  of  the  formation  of  states  with  a  minimum  :of  free  energy  it 
i3  possible  to  represent  the  molecule  of  N50  as  a  result  of  the 

e.  2  q  o 

transformation  of  the  configuration  of  nitrogen  atoms  s  pJ  in  spJ 

and  transferring  of  mobile  electrons  to  the  atom  of  oxygen  with 

2  6 

the  formation  of  the  configuration  of  s  p  .  Thus,  in  the  molecule 
of  N?0  one  should  expect  a  high  statistical  weight  of 
spJ-configurations  of  nitrogen  atoms  and  sp  -configurations  of 
oxygen  atoms,  which  are  connected  with  each *“ other  by  exchange 
through  part  of  the,  electrons  which  remained  nonlocalized  in  these 

m 

configurations.  3uch-  a  structure  satisfactorily  explains  the  fact 
that,  in  spite  of  the  metastability,  nitrous  oxide  starts  to  be 
decomposed  at  relatively  high  temperatures. 

Nitrogen  monooxlde  NO  is  a  colorless  gas  with  a  boiling  point  of 
151. 8°C  and  melting  point  of  163°C.  In  accordance  with  concepts  of 
Pauling,  in  NO  a  typical  three-electron  bond  is  carried  out:  : N : : 6 : 
with  the  appropriate  resonance  forms  [727].  The  imposition  of  the 
three-electron  bond  on  the  usual  homepolar  bond  formed  by  electron 
pairs  somewhat  reinforces  the  bond  of  nitrogen  with  oxygen.  This 
reinforcement  is  small,  since  the  dimerization  of  NO  molecules  in 
N202  with  the  coupling  of  unpaired  electrons  takes  place  only  in  a 
liquid  and  not  in  a  gaseous  state  where  NO  monomolecules  exist. 

The  presence  of  the  three-electron  bond  conditions  paramagnetic 
quality  of^the  nitrogen  monooxlde.  The  dipole  moment  of  NO  is  equal 
to  0.6*10“  0  esu.  In  a  liquid  state  is  is  completely  polymerized, 
which  causes  its  high  heat  capacity,  which  is  greatly  dependent  on 
temperature,  and  high  entropy  of  evaporation. 
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Just  as  In  the  preceding  case,  it  is  possible  to  assume  that 
in  nitrogen  oxide  atoms  of  nitrogen  and  oxygen  will  form  sp3-  and 
s  p  -configurations  and  will  form  them  alternately ;  these  configura¬ 
tions  are  bound  by  electrons  found  in  the  state  of  exchange  between 
them.  Such  a  type  of  bond  can  conditionally  be  called  running. 

Nitrogen  trioxide  NgO^,  with  a  melting  point  of  102°C  is 
easily  decomposed  into  NO  and  NOg  or  into  No  and  NgOjj.  The  heat 
of  formation  of  NgO^  from  NO  and  N02  is  only  9.6  kcal/mole,  and  the 
free  energy  of  the  formation  is  equal  to  0.44  kcal/mole. 

Nitrogen  dioxide  N02  and  nitrogen  tetroxide  NgO^NOg  are 
a  brown  gas  with  a  boiling  point  of  22. 4° C  and  melting  point  of 
10 . 2°C.  Upon  cooling  N02  is  dimerized  passing  into  a  colorless 
N20^-N02,  is  paramagnetic,  and  NgOjj  is  diamagnetic.  The  diamagnetism 
of  the  latter  explains  the  tendency  of  N02  to  dimerization  with  the 
pairing  of  unpaired  electrons.  According  to  Pauling,  in  the 
molecule  of  N02  there  takes  place  the  imposition  of  the  three- 
electron  coupling  on  the  usual  paired  electron  with  mesomerism  of  the 
two  states 


The  conductivity  of  the  liquid  NgO^  at  17°C  is  equal  to  1.3*10"12 
iT^-.cm"*,  the  dielectric  constant  is  2,42,  the  index  of  refraction  is 
1.420,  at  20°C  the  molar  refraction  is  15.2  cm3,  and  the  molar 
polarization  is  26.5  cm3.  in  a  solid  state  NgOjj  has  a  cubic  lattice 
with  a  ■  7.77  X. 

Nitrogen  pentoxide  NgO^  will  form  colorless  solid  orystals 
of  hexagonal  syngony,  a  ■  5.410;  c  -  6.570  (at  80°C),  the  specific 
gravity  is  1.63  g/cm3,  the  melting  point  is  30°C,  the  boiling  point 
is  45-50°C  and  in  a  solid  state  is  has  salt-like  structure  built 
from  triangular  ions  (NO^)”  and  linear  ions  (N02)+. 
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There  ere  data  on  the  existenoe  of  nitrogen  oxide  NO^  evon  richer 
^  in  oxygen  a  very  unstable  oompound,  which  is  formed  with  the  reac¬ 
tion  N02  or  NgOjj  with  ozone. 

Compounds  of  sulfur  with  nitrogen.  Sulfur  will  form  two 
compounds  with  nitrogen  -  [727*  728]  -  sulfur  nitirde  S^N^  and 
nitrogen  tetrasulfide  S^Ng.  - 

Sulfur  nitride  is  produced  by  the  interaction  of  sulfur  with 
liquid  ammonia 


10S  +  1 8NH,  -*•  6  (NH4)^  +  S«N«. 

The  structure  of  this  compound,  according  to  data  of  [729],  is 
shown  on  Pig.  132  (see  also  730).  Figure  133  shows  the  possible 
resonance  forms  of  the  electron  structure  of  nitride  [720]. 

It  constitutes  golden-yellow  crystals  with  a  melting  point  of  178°C, 
the  compound  is  greatly  endothermic  (with  the  formation  from  elements 
128  kcal/mole  is  absorbed),  and  therefore  upon  heating  or  detonation 
it  disintegrates  with  an  explosion.  It  will  somewhat  dissolve  in 
organic  solvents,  is  hydrolyzed  by  water  with  prolonged  boiling  with 
the  formation  of  ammonia  and  oxyacids ,  and  with  sublimation  in  a 
vacuum  is  depolymerized  with  the  formation  of  S2N2  -  a  crystalline 
substance  stable  only  at  low  temperatures,  and  at  room  temperature 
is  slowly  transformed  into  the  mixture  of  and  a  high  polymer 

compound  (SN)x*  The  last  compound  is  stabler  than  S2N2  and 
and  possesses  semimetallic  conductivity. 

Nitrogen  tetrasulfide  is  a  crystalline  substance  of  dark-red 
color  with  a  melting  point  of  23°C  and  density  of  1.71  g/crr^,  and  it 
is  produced  by  the  action  of  carbon  bisulfide  on  sulfur  nitride  at 
100°C  under  pressure  or  with  the  decomposition  of  the  sulfur 
nitride.  It  is  decomposed  at  the  usual  temperature  and  flashes  upon 
heating  and  it  is  dissolved  by  many  organic  solvents  and  by  water 
is  gradually  decomposed  with  the  separation  of  sulfur  and  ammonia. 

It  is  assumed  that  this  compound  has  a  cyclical  structure  wit,!  the 
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content  in  the  molecule  of  ions  and  S^+  of  two  neutral 
S  atoms  with  negative  nitrogei  ions  [7273* 


Pig.  132.  .  Pig.  133. 

Pig.  132.  Diagram  of  the  structure  of 
compound  S^N^. 

Pig.  133.  Possible  resonance  forms  of 
the  structure  S^N^. 

[Translator’s  note:  deket  could  not  be 
found  but  must  refer  to  the  number  ten]. 


Compounds  of  selenium  with  nitrogen.  Selenium  will  form  with 
nitrogen  the  compound  Se^N^,  an  orange-red  substance  with  a  trlclinic 
lattice  and  parameters:  1  *  6 . 47 ;  b  *  6.85;  c  »  6.35  i,  a  ■  99.5°, 

C  -  100.il0,  Y  .  ioo.il0  [731]. 


According  to  the  last  data  [965],  this  compound  pertains  to 
the  space  group  C  2/c  with  lattice  constants  a  ■  9.65,  b  ■  9*73,  c  -» 
-  6.47  0  *  104.9°. 

Its  density  is  4.2  g/cm  ,  and  the  heat  of  formation  from  the 
elements  is  42.6  kcal/mole.  It  is  easily  decomposed  with  a  shock 
or  heating  to  200-230°C  with  the  separation  of  selenium.  It  is 
insoluble  in  cold  water,  and  it  Is  slowly  decomposed  by  water 
upon  boiling  with  the  formation  of  HjSeOj,  selenium  and  ammonia. 
Selenium  nitride  is  produced  according  to  the  reaction 
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128*04  4  64NH*  -  3W«3«4  4-  46NHiO  4-  2N„ 


and  also  by  the  decomposition  of  Se(NH)2>  the  action  of  dry  ammonia 
on  the  solution  Se2Cl2  in  carbon  bisulfide,  and  the  interaction  of 
benzene  with  dry  ammonia  in  the  presence  of  SeO(OC2Hg)2. 

The  polymer  (NSe)  with  a  monoclinic  lattice  with  the  following 

X  O 

parameters  is.  also  known:  a  ■  9*65,  b  ■  9-73*  c  “  6.47  A,  0  * 

-  104.9°. 

It  was  assumed  that  (NSe)x  consists  of  four  molecules  Se^N^. 
However,  in  [732]  it  was  shown  that  the  most  satisfactory  corres¬ 
pondence  of  X-ray  density  (4.22  g/cm3),  pycnometric  (4.2  g/cm3),  is 
obtained  with  the  acceptance  of  dimers,  i.e.,  (NSe)g. 

Compounds  of  tellurium  with  nitrogen  [1027].  Two  tellurium 
nitrides  are  known:  TeN  (9*89  wt .  %  N)  and  Te^N^  (12.76  wt .  %  N). 
They  are  obtained  by  the  interaction  of  tellurium  tetrabromide  with 
ammonia 


3TeBr*  +  16NH, «  Te,N«  4  12NH*Br. 


4.  Compounds  of  Halogens  with  Nitrogen  [727] 

Halogens  with  nitrogen  will  form  two  classes  of  compounds  -  of 
the  general  formula  XNg  (derivatives  of  hydrazoic  acid)  and  NX^ 
(products  of  the  substitution  of  hydrogen  of  ammonia  by  a  halogen). 
Compounds  of  the  first  of  these  classes  have  the  name  azides.  These 
azides  are  well-known:  azides  of  fluorine  (PN^  -  yellow-green  gas, 
melting  point,  154°C,  boiling  point,  82°C,  explosive  lr.  a  liquid 
state),  azides  of  chlorine  (CIN^  -  colorless,  highly  exploding  gas), 
azides  of  bromine  (BrN^  -  liquid),  iodine  (JN^  -  yellowish-white 
solid  explosive). 
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Compounds  of  the  second  class  are  nitrogen  fluoride  NFg 
(colorless  gas,  boiling  point,  1 29°C,  melting  point,  208,5 °C, 
density  at  the  boiling  point,  1.885  g/om^,  stable  exothermic 
compound),  nitrogen  chloride  (NCI-  -  dark-yellow  volatile  oily  liquid, 

O  J 

specific  gravity,  1.65  g/cm  ,  highly  endothermic,  heat  of  formation, 
54.7  kcal/mole,  explodes  upon  heating  to  93°C  upon  contact  with 
substances  able  to  be  chlorinated)  nitrogen  iodide  (NJ^  -  a  black 
solid  at  the  usual  temperature  and  highly  exothermic). 
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CHAPTER  IX 
COMPLEX  NITRIDES 

At  the  present  time  considerable  experimental  material  has  been 
on  multicomponent  systems,  containing  nitrogen,  in  particular  on 
systems,  in  which  ternary  and  quaternary  nitride  phases  will  be 
formed.  It  is  not  possible  to  expound  in  detail  and  to  systematize 
these  materials  in  the  present  monograph,  and  also  considering  that 
they  are  to  a  certain  extent  expounded  In  [29,  933],  only  data  about 
basic  and  typical  systems  are  presented,  in  which  complex  carbide 
phases,  being  of  scientific  and  practical  interest,  will  be  formed. 
These  data  are  grouped  according  to  systems,  which  are  formed  by 
different  metals  with  nitrogen  (Me-j^  -  Me2  -  N),  by  metals  with 
boron  and  nitrogen  (boron-nitrides  Me  -  B  -  N),  with  carbon  and 
nitrogen  (carbonitrides  Me  —  C  —  N),  with  oxygen  and  nitrogen 
(oxynitrides  Me  -  0  -  N),  with  halogens  (halonitrides  Me  -  P  -  N, 
wh^re  F  is  a  halogen),  with  silicon  and  nitrogen  (silicon  nitrides 
Me  -  Si  -  N),  and  also  by  nonmetals  with  nitrogen  (Xx  -  X2  -  N, 
where  X  is  a  nonmetal).  Such  a  classification  naturally  does  not 
have  special  scientific  bases  and  Is  intended  only  for  ordering  the 
voluminous  and  disconnected  information  available  in  literature  about 
complex  nitrides  and  systems,  in  which  they  will  be  formed. 

1.  Metal  Systems  with  Nitrogen 

Lithium  -  aluminum  (gallium)  -  nitrogen  [426].  The  Li^AlN2  is 
obtained  by  heating  lithium  with  aluminum  in  a  stream  of  nitrogen 
at  a  temperature  of  730° C  or  by  heating  Li^Al  in  a  stream  of  nitrogen 
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or  by  heating  mixtures  of  lithium  and  aluminum  nitrides.  It  is 

white  to  light-gray  in  color;  it  is  stable  up  to  1000°C,  in  a 

nitrogen  medium;  its  density  is  2.33  g/cm^.  It  hydrolyzes  readily; 

it  can  Join  two  moles  of  ammonia.  The  Li^GaN2  is  produced  by  Li^Ga 

and  nitrogen  at  600°C;  it  is  light-gray  in  color;  thermally  stable  up 

to  'v-800°C;  its  density  is  3*35  g/cm^.  It  readily  hydrolyzes  with 

the  formationC'Of'’ ammonia  and  nitrogen.  In  a  stream  of  NH^  and  H2  it 

decomposes  at  ^400°C.  It  was  determined  roentgenographically  that 

both  compounds  have  a  superlattice  with  a  CaF2  lattice,  a  space  group 

of  T^.  ,  and  16  formula  units  in  the  unit  cell.  They  have  the  follow- 

h 

ing  structural  principle:  dense  packing  of  the  nitrogen  atoms  with 
the  metal  atoms,  located  in  the  tetrahedral  vacancies  of  this 
packing.  They  possess  considerably  smaller  volumes  of  unit  cells  as 
compared  to  Li^N  due  to  the  replacement  of  the  single-charge  lithium 
cation  by  the  multicharge  cation.  Analogous  phases  are  formed  by 
lithium  with  zirconium  and  thorium. 


Lithium  -  magnesium  (zinc)  -  nitrogen  [911].  In  these  systems 
the  compounds  LlMgN  and  LiZnN  have  been  detected.  The  nitride 
LiMgN  is  obtained  by  heating  of  lithium  and  magnesium  nitrides 
together  in  a  stream  of  nitrogen  8>t  a  temperature  of  1050*C.  The 
powder  is  reddish-brow:.  In  color;  its  density  is  2,41  g/cifi^;  it 
hydrolyzes  readily;  it  can  Join  1  mole  of  ammonia.  The  CaF2 
lattice  with  nitrogen  in  the  positions  of  the  calcium  atoms  and  a 
statistical  distribution  of  lithium  and  magnesium  in  the  position 
of  the  fluorine  atoms  is;  a  *  4.970  51.  The  nitride  LiZnN  is 
prepared  by  sintering  a  mixture  of  lithium  and  zinc  nitrides  at 
400° C  in  a  stream  of  ammonia.  It  is  black;  its  density  is  4.6l  g/cmJ; 
it  hydrolyzes  readily.  Thp  structure  is  derived  from  the  CaF2 
structure;  lithium  and  zinc  are  statistically  arranged  in  the  fluorine 

O 

positions;  a  »  4.er7  a. 


Lithium  -  Vanadium  (niobium,  tantalum)  -  nitrogen  [917].  Upon 
heating  Li^N  and  VN  in  a  nlfcrofWfi  medium  at  a  temperature  of  680°C 
the  compound  Li^VN^  will  be  formed,  which  niore  heat  resistant  than 
both  the  original  nitrides.  It  crystallizes  intiD-a  fluorspar 

o 

superlattice  with  a  »  9.60  A.  Analogous  ccfmpourds  will  be  formed 
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by  niobium  and  tantalum:  Li^NbN^  and  Li^TaN^  -  they  are  chemically 
and  thermally  more  stable  than  the  ternary  nitride  of  vanadium* 

Lithium  -  vanadium  (manganese)  -  nitrogen  [436],  In  these 
systems  there  were  detected  the  ternary  nitrides  Li^VN^  and  Li^MnN^, 
which  crystallize  in  fluorspar  superlattice  with  a  doubled  lattice 

it 

constant  (the  space  group  is  TQ).  The  metal  ions  in  the  CaF2 
lattice  occupy  the  fluorine  positions.  The  indicated  phases  have 

O 

these  respective  lattice  constants:  a  *  9.60^  and  a  *  9.57-^  A  and 
the  calculated  density  values  are  2.33  and  2.42  g/cm^. 

Lithium  -  chromium  (molybdenum*  tungsten)  -  nitrogen  [912]. 

By  heating  mixtures  of  lithium  nitride  with  chromium,  molybdenum  or 
tungsten  in  a  nitrogen  medium  at  a  temperature  of  6l6-856°C  the 
ternary  nitrides  Li^CrN^,  Li^MoN^  and  Li^WN^  were  obtained.  Ternary 
chromium  nitride  is  dark-brown  in  color;  it  hydrolyzes  in  air  with  the 
liberation  of  ammonia,  but  upon  remaining  for  a  long  time  in  air  it 
turns  yellow  due  to  the  formation  of  chromate.  The  nitride  has 
mainly  a  salt-like  character.  Since  the  nitride  Li^CrN^  forms  a 
continuous  number  of  solid  solutions  with  Li20,  then  it  is  possible 
to  assume  that  it  is  crystallized  to  a  fluorspar  superlattice. 

Ternary  molybdenum  nitride  is  brown  in  color,  but  with  a  lighter 
tinge  than  ternary  chromium  nitride,  and  ternary  tungsten  nitride  is 
even  lighter,  almost  gray.  Both  nitrides  decompose  with  the 
liberation  of  ammonia;  they  dissolve  in  dilute  acids;  ternary  tungsten 
nitride  is  the  most  heat-resistant  of  all  the  nitrides  (at  870°C  the 
pressure  of  nitrogen  on  it  is  a  total  of  3  mm  Hg),  and  the  most 
unstable  is  chromium  nitride.  The  crystal  structure  of  the  ternary 
nitrides  of  molybdenum  and  tungsten  is  obscure;  it  is  assumed  that 
they  each  have  two  versions. 

Lithium  -  cobalt  (nickel,  copper)  -  nitrogen  [918].  In  these 
systems  the  component  nitrides  form  the  solid  solutions  (Li,  CoKN, 
(Li,  Ni)3N,  (Li,  Cu)3N.  •  3 
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Magnesium  -  germanium  -  nitrogen  C 10613 .  By. the  action  of 
ammonia  on  magnesium  ger»anide  the  following  compound  will  be 
formed  MgQen2:  3Mg2Ge  +  8NH3  «  3MgGeN2  +  Mg^N2  +  12H2. 

This  compound  can  also  be  produced  by  the  action  of  ammonia  on 
a  mixture  of  magnesium  nitride  and  germanium:  Mg^Ng  +  3Ge  +  4NH3  * 

«  3MgGeN2  +  6H2,  or  by  interacting  magnesium  and  germanium  nitrides 
at  850-950°C:  Mg3N2  +  Ge^  *  3MgGeN2 . 

The  oompound  is  a  gray-color  powder;  it  is  stable  in  the  presence 
of  water  or  alkaline  solutions;  HC1  acts  on  it.  It  crystallizes 

Q 

into  a  rhombic  system  (the  space  group  is  C2v);  the  lattice 
parameters  are:  a  »  5.504;  b  =  6.660;  c  =  5.172  %.  Upon  heating 
in  argon  at  750°C  it  decomposes  into  magnesium  germanide,  germanium 
and  nitrogen,  and  at  950°C  it  completely  dissociates  into  its 
elements.  Oxidation  begins  at  575°C  and  completely  terminates  at 
950° C.  The  oxidation  products  are  MgO  and  MgGe03. 

Strontium  (barium)  -  rhenium  (osminum)  -  nitrogen  [994].  Upon 
heating  barium  and  'strontium  nitrides  with  rhenium  in  nitrogen  the 
ternary  nitride  phases  Sr^Re^g,  Ba^Re^g,  Ba^Os^g,  will  be 
formed,  having  a  rhombic  structure,  and  metallic  conductivity;  a 
measurement  of  the  magnetic  properties  showed  the  strong  interaction 
of  transition-metal  atoms  in  these  phases.  The  phase  Sr^Re^N^ 
also  exists  -  a  cubic  NaCl  type. 

Aluminum  -  gallium  -  nitrogen.  Proceeding  from  the  similarity 
of  crystal  structure  and  the  lattice  dimensions,  AIN  and  GaN  should 
form  a  continuous  number  of  solid  solutions,  however  attempts '-to 
prepare  solid  solutions  of  (Ga,  A1)N  did  not  give  positive  results 
[5991. 

The  heating  of  mixtures  of  these  nitrides  at  a  temperature  of. 
900° C  for  a  week  in  a  nitrogen  medium  did  not  lead  to  the  formation 
of  a  solid  solution,  but  at  1100°C  the  mixtures  exploded  due  to  the 
high  vapor  pressure  of  GaN. 
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Vanadium  (titanium)  -  chromium  -  nitrogen.  By  acting  a 
mixture  of  ammonia  and  hydrogen  at  temperatures  of  800-1000°C  on 
precipitates  of  chromium  and  titanium  hydrates  solid  solutions  of 
vanadium  and  chromium  or  titanium  and  chromium  will  be  formed 
nitrides  [1024];  in  an  analogous  way  ternary  solid  solutions  of 
titanium  -  vanadium  -  chromium  nitrides  are  obtained.  All  the 
indicated  solid  solutions  have  a  cubic  face-centered  lattice.  The 
thermodynamic  stability  of  CrN  and  VN  increases  upon  the  formation 
by  them  of  solid  solutions  of  each  other  or  by  each  of  them  in 
titanium  nitride  [1044]. 

Titanium  -  aluminum  -  nitrogen.  In  work  [4 18]  a  compound  of 
the  composition  Ti^AlN  was  detected  (it  is  obtained  by  hot 
pressing  of  a  mixture  of  TIN,  metallic  titanium  and  aluminum).  It 
is  isomorphic  to  Cr2AlC  and  Ti2AlC  and  has  a  lattice  constant  of: 
a  *  c  -  13.61  A;  c/a  *  4.54^.  The  X-ray  density  is  4.30 

g/cm3. 

Titanium  -  chromium  -  nitrogen.  It  was  determined  that  upon 
nitriding  chromo-ti'tanium  alloys  films  will  be  formed,  containing 
the  double  nitride  Cr  —  Ti  —  N  [337].  The  kinetics  of  the  nitrida- 
tion  process  of  titanium  alloys  with  5%  Cr  were  investigated  in 
[925]. 

Titanium  -  molybdenum  -  nitrogen  [439,  226],  Alloys  of  the 
TIN  -  Mo  system  are  produced  by  sintering  mixtures  of  component 
powders  by  hot  pressing  at  a  temperature  of  1750-l800°C.  The  alloy 
consist  of  two  phases  -  molybdenum  and  titanium  nitride,  where 
their  mutual  solubility  is  not  noticed.  The  alloys,  containing 
10—  303?  Mo  (the  remainder  is  TiN),  have  a  density  of  5.59-6.59  g/cm3 
aM3r  =  kg/mm2.  Hardness  of  alloys  with  5-30  vol.  %  Mo  is 

1400-1500  kg/mm2,  at  400°C  it  descends  to  764-913,  at  800°C  -  to 

p 

540-608  kg/mm  ,  The  most  scale-resistant  are  the  alloys  (cermets) 
with  the  least  molybdenum  content,  in  this  case  with  5%  Mo. 

Titanium  -  cobalt  (nickel)  -  nitrogen,  molybdenum  -  cobalt 
(nickel)  -  nitrogen.  In  these  systems  the  ternary  nitrides: 


Transition  metal  -  Al,  Qa,  In.  Tl,  Qe  -  nitrogen  [419].  In 
these  systems  four  groups  of  ternary  compounds  have  been  detected: 
Me2XN,  Me^Ce^,  Me^N,  Me2XNx.  The  compounds  of  the  first  of 
these  groups  have  a  structure  of  the  Cr2AlC:  Zr2TlN,  HfglnN,  V2GaN, 
V2GeN  type.  Included  in  the  second  group  are  the  compounds: 

V^Ge^Nx,  Nb5Ga3Nx,  Ta^Ga^N^  Ta^Ge3Nx,  Ta5Al3Nx  (stabilized  by 
.silicon),  which,  with  the  exception  of  the  latter,  have  a  structure 
of  tye  Mn^Si3  type;  only  Ta^Al3Nx  has  a  structure  of  the  Cr^B3  type 
with  vacancies  at  the  sites  of  the  nitrogen  atoms.  The  connections 
V3Zn2N,  V3Ga2N  and  Nb3Al2N  have  8-Mn  type  lattice,  as  the  compounds 
Ti2ZrNx,  Zk*2ZnNx,  Hf2ZnNx  belong  to  the  TigNi  type. 

The  authors  [420]  produced  the  compounds  Ti2GaN,  TijInN, 

Zr2InN  by  heating  of  mixtures  of  titanium  or  zirconium  mononitrides 
with  gallium  or  indium  in  a  quartz  ampule  at  850° C  for  500-850  h. 

They  all  h^tve  a  Cr2AlC  structure  with  the  following  lattice  constants 
and  densities : 


Phase 

o 

a,  A 

c,  \ 

j 

'  o/a  X-ray  den- 

■3 

,  sity  g/cm 

Tl2GaN 

3.004 

13.30 

[  4'428  5.73 

Ti2InN 

3.074 

13.97J 

4.54?  6.52 

Zr2InN 

3.27? 

14. 84: 

.  4.52g  7.49 

One  more  group  compose  connection  with  a  perovskite  structure 
and  the  general  formula  Me3XN  [421]: 

o 

Phase  a,  A  X-ray  den- 

o 

sity  g/cnr 

Ti3InN  4.190  6.15 

Ti3TlN  4.191  8.16 

In  works  [422,  423]  a  detailed  survey  of  the  structure  of  phases 
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of  the  following  types  Me^XgN,  Me^X^N^^,  MegXN,  Me^XN-^. 

Niobium- (hafnium,  molybdenum,  tungsten) -nitrogen.  In  work 
[1049]  the  solubility  of  nitrogen  in  niobium-rich  alloys  Nb-Hf, 

Nb-Mo,  and  Nb-W  was  investigated  as  a  function  of  pressure  and 
temperature.  It  was  determined  that  hafnium*  molybdenum  and  tungsten 
reduce  the  solubility  of  nitrogen  in  niobium.  Thus,  if  at  2000°C 
and  a  nitrogen  pressure  of  2. 8* 10”^  mm  Hg  the  solubility  of  nitrogen 
in  niobium  is  9.4  at.  %t  then  in  a  niobium  alloy  with  10 %  Hf  or  Mo 
it  decreases  to  1.0  at.  JJ,  and  in  a  niobium  alloy  with  10  at.  % 

W  -  to  6.8  at.  %  N. 

Nloblum-lron-nitrogen  [431],  By  investigating  the  solubility  of 
NbN  in  y-Fe  in  the  temperature  range  of  1191-1336°C  (with  respect 
to  the  nitrogen  content  in  the  Fe-Nb  alloys  with  0-0.92  wt.  %  Nb, 
being  in  equilibrium  with  a  gaseous  mixture  of  nitrogen  with  1% 

H2)  it  was  ascertained  that  the  temperature  dependence  of  the 
solubility  product  of  NbH  in  y-Fe  is  described  by  the  formula 

(°i  Nb)  (%N)  =  -  10.230/f  -f  4.04. 

The  molar  heat  of  solution  of  niobium  nitride  in  y-Fe  is  equal  to 
46.8  kcal. 

Upon  introducing  a  small  quantity  of  iron  into  the  niobium 
nitride  both  its  electrical  resistance,  and  also  its  TCR  [temperature 
coefficient  of  resistance]  increase.  With  an  increase  in  the  iron 
content  the  TCR  decreases)  for  an  alloy  of  NbH  with  1%  Fe  the  TCR 
in  a  broad  range  of  temperatures  is  practically  equal  to  zero 
(Fig.  134).  Simultaneously  a  certain  reduction  in  the  coefficient 
of  the  thermo-emf  of  the  niobium  nitride  occurs,, 

Tantalum-chromium  (manganese ,  iron,  cobalt,  nickel )-nitrogen 
[428].  Alloys  of  these  systems  are  prepared  by  nitriding  mixtures 
of  metal  powders  with  dry  ammonia  at  a  temperature  of  650-950° C  for 
from  two  days  to  two  weeks.  The  results  of  X-ray  diffraction 
analysis  are  presented,  in  Table  104. 
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Pig.  13^.  ^Wtfw^Mtperature  dependence 
of  the  .electjffilfct  resistance  of  the 
nitride  NbN  nitride  with  ad¬ 

mixture  of;  1  -  ‘NbN;  2  -  NbN  +  0.155 
.Pej  3  -  NbN  +  0.05%  Ti  +  0.155  Pe;  4- 
■  NbN  +  0.555  Fe;  5  -  NbN  +  155  Fe. 


Table  104.  Phases,  observed 
in  binary  alloys  of  tantalum 
nitride  with  Cr,  Mn,  Fe ,  Co, 
Ni  nitrides. 


Syntem 

Original 

alloy 

Phases.  formad  by 
nitriding 

T*-Cr-N 

T*0,7» 

T*0,SO  C"'f0,40 

T,0.Jt  Cf0.7» 

X+T<t’i 

X  +  truui  of  wv 
iknown  phsj« 
Cr(T«)N-f-  trace*  of 

X- phase 

Ja— Mn—N 

T,0.90  Mn0.l0 
T*o7.t  M 

T*».to  ^no.so 
T*0 .31  Mn0.7» 

Ta{Mn)Nft  |+ T»«trao*» 

Ta,MnN« 

X+Ts.MnN, 

JC  -f- Jin-nitride* 

Ta — F«— N 

T*o.so  p*o.jo 

P*0,M 

p*o.«o 

T«,PeN,+T» 

-  j*sp*Nt  . 

Ti|ftK|  +  Poernltrldea 

T»— Co 

T*0  j(|  Co0  J0 

T,0.«7  ^041 
T*040  ^°0.» 

Ts,CoN,  4’  T»N 

T«A^j 

TifCoNa  -}*•  a -Co 

Ta— NI— N 

0 

T«,.K  n,o.jo 

T*0.«7  NI0,U 
Nlc  so 

T*,NIN,  +  TaN 

TatNIN| 

Ta,NIN,  +  NI 

In  the  Ta-Cr-N  system  a  ternary  phase  (an  X-phase  was  detected); 
i 1 3  X-ray  photograph  has  a  complex  character. 


Tantalum  nitride  is  soluble  in  chromium  nitride,  and  the  lattice 
constan,  of  CrN  varies  from  a  =  4.149  kX  (CrN1  QQ)  to  a  »  4.239  kX. 
The  latter  value  corresponds  to  the  maximum  solubility  of  TaN  in  CrN 
(about  25  molar  %  Ta) . 


Best  Available  Copy 
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In  the  Ta-Mn-N  system  two  ternary  phases  are  found,  one  of 
which  is  isostructural  to  the  X-phase  of  the  Ta-Cr-N  system,  and 
the  other  has  a  composition,  expressed  by  the  formula  Ta^MnN^. 

Tantalum  does  not  dissolve  in  MnNQ  g1-0  ^  (the  n-phase),  and 
manganese  in  e-TaN. 

Chromium-manganese-nitrogen .  In  the  Cr-Mn-N  system  [438]  a 
ternary  compound  of  the  composition  CrMnjNj^Di/*  (where  q  is  a  vacancy). 
The  formation  of  this  phase  causes  an  increase  of  two  orders  of 
magnetic  susceptibility  of  alloys  of  chromium  with  manganese  upon 
their  nitridation.  Hume-Rothery  [ 441 3  indicates  the  existence  of 
the  ternary  nitride  Cr^-g  iMni3  3^25  6* 

Molybdenum-cob alt -nitrogen  [958-956],  The  mixing  of  Mo2N  with 

20%  Co  with  subsequent  pressing  and  sintering  for  30  min  in  an 

ammonia  medium  at  a  temperature  of  1500° C  leads  to  the  formation  of 

an  alloy,  having  a  metallic  character  of  fracture  with  a  hardness 

of  86.5  R„.  A  somewhat  lower  hardness  is  possessed  by  an  alloy 
c 

of  20%  MoN,  with  a  remainder  made  up  of  Me  C. 

Moly b denum- zlr c onl um-nl t r ogen  [982].  In  the  Mo-Zr-N  system 
alloys  with  10,  30,  50,  70  and  90  at.  %  molybdenum  were  prepared, 
which  were  transformed  into  nitrides  by  nitridation  with  ammonia 
at  740°C.  From  pure  zirconium  up  to  a  ratio  of  ZrQ  gMoQ  ^  a  mixed 
nitride  phase  (Zr,  Mo)N,  will  be  formed,  having  a  cubic  face-centered 
structure,  analogous  to  the  structure  of  the  nitride  ZrN.  The 
alloy  ZrQ  ^Moq  9  molybdenum  will  form  upon  the  nitridation  a  cubic 
face-centered  phase  —  y~(Mo,  Zr)2N.  Close  to  the  ratio  of  metals 
ZrQ  ^MOq  y  both  nitride  phases  will  be  formed,  not  mixing  with  each 
other. 

Manganese-copper  (zinc) -nitrogen  [393].  The  formation  of  solid 
solutions  have  been  established  to  which  it  is  possible  conditionally 
to  ascribe  the  compositions  Mn«_,CyxN,_x/4tDx/4Mn4_*Cu,N, _,/,□,/<  (where  □ 
are  vacancies).  An  investigation  of  their  structure  and  magnetic 
properties  has  been  conducted. 
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Manganese-copper  (silver,  gallium) -nitrogen,  chromium-gallium- 


nitrogen  [429] .  In  the  indicated  systems  ternary  nitrides  will  be 
formed  with  the  structure  of  perovfkite,  of  which  Mn^CuN,  Mn^AgN 
and  Mn^QaN  are  products  of  the  substitution  of  one  manganese  atom 
in  the  nitride  Mn^N  by  an  atom  of  another  metal,  and  Cr^QaN  is 
derivative  of  the  hypothetical  chromium  nitride  Cr^N.  The  lattice 
constants  of  these  phases  are;  Mn^CuN  a  «  3*906;  Mn^AgN  a  «  4.019^; 
Mn3GaN  a  *  3.898;  Cr3GaN  a  «  3.8755  A. 

Manganese-gallium  (germanium,  indium,  tin) -nitrogen;  iron- 
gallium  (indium,  tin) -nitrogen;  cobalt-gallium  (germanium. 

Indium,  tln)-nltrogen;  nickel-gallium  (germanium,  indium,  tin)- 
nltrogen  [437].  Prom  these  systems  ternary  phases  will  be  formed 
in  the  systems 

Co-Ga'-N  (Co,Ga,N).  Co-Gc-N  (Coa.iGejr.jNso.4); 

Co — In — N(Co6i,slnjo1jNii,s);  Co— Sn  — N;  (CotjSrtjiNi*); 

Nl  -  In  -  N(Ni*5,7lnJ,..N1,.0. 

All  these  phases  have  a  cubic  structure  of  L’I2  type  with  the  con¬ 
stants..  indicated  in  Table  105.  A  ternary  nitride  will  also  be 
formed  in  the  Fe-Ge-N  system  a  tetragonal  lattice  (see  Table  105). 

It  has  also  been  shown  that  Ga,  Ge,  In  and  Sn  substantially  expand  the 
region  of  homogeneity  of  binary  iron  nitride (y’-phase  of  the  Fe-N 

9 

system) . 


Table  105.  Lattice  constants  of 
ternary  nitride  phases,  A  [437]. 


Phase 

Crystal 

lattice 

a 

o  .  o/a 

Co,Ga,N 

Cubic 

3,  56-3,68 

mum'  ,  -- 

tl 

3,57-3.61 

-  —  * 

Co*i,5Inso^N„  , 

ft 

3,85-3,86 

—  '  — 

C*|Snj,N„ 

et 

3,82 

'  —  — 

N!«,7lnjiANu.4 

tt 

3,84 

uumm  umm 

_ 

Tetragonal 

--  5,318- 

7,733  1.454 
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■t-Kta;  •^v>-fc*> 


A  ternary  compound  has  been  detected  in  the  Mn-Ga«N  system 
[9371.  It  has  the  composition  Mn^GaN  and  Is  identical  to  the  corres¬ 
ponding  phases  in  the  Cr-Ga-N,  Mn-Cu-N  and  Mn-Ag-N  systems  (pages  411- 
412).  This  compound  undergoes  an  antiferromagnetic  transformation  of 
the  first  order  at  29 8° K. 


Manganese-gold  (mercury,  tin,  platinum,  palladium,  rhodium)' 
nitrogen.  The  existence  of  ternary  compounds  of  the  composition 
Mn^Xn  has  been  established  with  the  structure  of  perovskite  and 
following  lattice  constants  [1033]: 


Compound  a,  % 
Mn^AuN  4.0235 
Mn3HgN  4.0720 
Mn^SnN  4.C585 


Compound  a,  A 
Mn^PtN  3.9685 

Mii^PdN  3.9796 

Mn^RhN  3.928q 


The  magnetic  susceptibility  and  the  magnetic  transformation 
of  these  chemical  compounds  have  been  investigated. 


Iron-chromlum-nltrogen  [930].  The  composition  of  the  nitrides 
and  the  heat  of  solution  of  nitrogen  in  alloys  of  iron  with  chromium 
have  been  determined.  It  has  been  demonstrated  that  chromium 
increases  the  solubility  of  hltrogen  in  a-  and  Y-Pe«  At  600°C  CrN 
will  be  formed  with  a  lattice  constant  of  a  *  4.140  %.  Nitrogen 
stabilizes  the  y-phase  region  in  iron-chromium  alloys. 


Iron-chromlum-nlcke 1-nltr ogen .  The  solubility  of  nitrogen  in 
liquid  Fe-Cr-Ni  alloys  has  been  investigated  at  a  temperature  of 
l600°c  and  at  a  nitrogen  pressure  of  1  at  (Pig.  135);  the  heats  of 
solution  have  been  determined  [939]. 


Neodymium-aluminum  (gallium,  indium,  thallium,  tin,  lead)- 
nltrogen  [1063].  In  these  systems  ternary  nitride  1  bases  of  the 
composition  Nd^MeN  will  be  formed  (where  Me  is  Al,  Ga,  In,  Tl,  Sn, 

Pb)  with  a  perovskite  structure  fend  lattice  constants  respectively  of: 
4. 910;  5.063;  4.949;  4.95?;  5.05ji  5.067  A. 


413 


tO  .60 
Cr,wU  %- 


Fig.  135.  The  solubility  of  nitrogen 
in  Fe-Cr-Ni  alloys  at  1600° C  and  at 
p«  ■  1  at. 
n2 


Uranlum-plutonlum-nitrogen  [1028,  10 4l],  In  the  U-Pu-N  system 
a  continuous  series  of  solid  solutions  will  be  formed,  which  are 
produced  by  sintering  mixtures  uranium  and  plutonium  mononitrides. 
The  nitriding  of  plutonium-uranium  alloy  proceeds  with  great 
difficulty;  it  is  impossible  to  produce  these  solid  solutions  by 
fusion  due  to  dissociation  and  the  elimination  of  part  of  the 
nitrogen  and  metals. 


2.  .  Metal-Boron-Nitrogen  Systems 

; 

Llthijua  (calcium,  barlum)-boron-nltrogen  [913].  Upon  heating 
mixtures  of  lithium  nitride,  calcium  nitride  or  barium  amide  with 
boron  nitride  at  a  temperature  of  700-1000° C  the  ternary  nitrides 
Li^BI^,  Ca2B2N!j  and  Ba^B^lJ^  will  be  formed.  Their  structure  has  not 
been  investigated;  a  study  of  infx*»red-spectra  indicates  the  presence 
in  them  of  ion  N  *  B  *  NJ  .  Lithium  boron-nitride  melts  at 
870°C;  its  density  is  1.755  g/crn^;  it  has  a  black-violet  color  and 
it  is  very  hard.  Calcium  boron-nitride  is  a  white-colored  substance 
with  a  yellowish  tinge;  it  dissolves  completely  in  dilute  HC1;  it  is 
hydrolysed  In  water  with  the  liberation  of  ammonia  (it  is  considerably 
more  stable  than  lithium  boron-nitride). 


Titanium  (zirconium.,  hafnium,  niobium,  chromium,  tungsten,  iron)- 
boron-nltrogen .  In  work  [901]  with  the  joint  boriding  and  nitriding 
of  niobium  no  ternary  phases  were  detected. 
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The  Ti-B-N  system  was  investigated  by  G.  Y.  Samsonov  and 
Ye.  V.  Petrash  [468]  according  to  the  section  TiB2-TiN  within  the 
limits  of  from  3  to  97  molar  %  of  each  component.  The  alloy 
samples  were  produced  by  hot  pressing  with  subsequent  annealing. 

The  measurement  of  the  melting  points,  carried  out  visually,  made 
it  possible  to  plot  the  fusibility  curv  ••  for  this  system.  A 
microscopic  examination  of  the  alloys  showed  that  all  the  alloys 
before  additional  sintering  and  annealing  are  bi-phase.  After 
annealing  the  two-phase  alloys,  containing  3-8  molar  %  TiB2, 
becomes  single-phase  which  can  be  connected  with  the  solubility  of 
titanium  boride  in  titanium  nitride. 

The  microhardness  of  the  white  (based  on  TiB2)  and  yellow  (based 
on  TIN)  phases  practically  does  not  depend  on  the  composition 
of  the  alloys  and  is  close  to  the  hardness  respectively  of  TiB2  and 
TIN  (Pig.  136).  The  same  results  are  also  given  an  X-ray  investiga¬ 
tion,  the  low  accuracy  of  which  could  not  make  it  possible  to 
ascertain  the  solubility  of  the  components.  The  latter  is 
revealed  by  the  electrical  resistance-composition  curye  (Pig.  137). 
The  thermal  expansion  in  the  TiB2-TiN  system  is  presented  in  Pig. 

138. 


Fig.  136.  Microhardness  of 
alloys  of  the  TiB2-TiN 

system:  1  -  phase  based  on 
•TiBgJ  2  -  phase  based  on 

TIN. 
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Fig.  137.  Pig-  138. 

Fig.  137.  Electrical  resistance  of  the  alloys 
of  the  TiB2-TiN  system. 


Fig.  138.  Coefficient  of  thermal  expansion  of 
the  alloys  of  the  TiB2-T:LN  system. 


Most  resistant  to  oxidation  is  the  alloy ,  containing  ^0-50%  TiN 
(Fig.  139).  Probably,  the  stablest  film  of  titanium  borate, 
protecting  the  samples  is  due  to  this  composition.  In  alloys, 
containing  large  quantities  of  boride,  being  formed  by  oxidation 
the  boric  anhydride  causes  bubbling  of  the  film.  In  alloys  rich 
in  TiN,  the  borate  film  is  not  continuous  due  to  the  intense 
liberation  of  nitrogen  oxides  by  the  oxidation  of  TiN  by  atmospheric 
oxygen . 


i“ig.  139.  The  resistance  to  oxidation  of  the 
alloys  of  the  TiB2-TiN  system.  • 


Indications  of  the  solubility  of  hexagonal  TiB2  in  cubic  TiN 
and  the  practical  absence  of  the  reverse  solubility  of  TiN  in  TiB2 
were  discovered  which  is  reminiscent  of  the  same  phenomenon  in  the 
investigation  of  the  solubility  of  WC  in  the  cubic  carbides  TiC, 
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ZrC,  NbC,  TaC  and  VC.  The  difference  in  the  chemical  stability  of 
TiB2  and  TiN  is  less  than  between  WC  and  TiC,  therefore  the  region 
of  solubility  of  TiB2  and  TiN  is  considerably  less  than  WC  in  TiC. 

The  investigation  of  the  Ti-B-N  system  was  continued  in  work 
[903],  where  it  was  confirmed  that  there  are  no  ternary  compounds 
in  the  system. 

In  the  investigated  Zr-B-N  system  in  an  analogous  manner  [904] 
ternary  compounds  were  also  not  detected,  but  the  formation  of  Zr-N- 
B  solid  solutions  of  the  composition  Zr(N,  B)^  was  shown,  where 
about  37  at.  %  of  the  N  can  be  replaced  by  boron.  An  analogous  phase 
of  solid  solutions  aJro  exists  in  the  Hf-B-N  system  [904],  where  the 
boundaries  of  single-phosicity  intensely  depend  on  temperature. 

In  work  [4l6]  the  following  regions  and  section  of  the  Zr-B- 
N  system  were  investigated:  Zr-ZrB2~ZrN,  ZrBg-B-BN,  ZrN-ZrB2~BN, 
ZrB2-ZrN,  ZrB2-BN.  To  prepare  the  samples  mixtures  of  zirconium 
hydride,  zirconium  nitride,  boron  nitride  and  boron  were  subjected 
to  hot  pressing  with  subsequent  homogeneous  annealing  for  4-6  h  at  a 
temperature  of  1400-1900° C  (depending  upon  the  composition)  in  an 
argon  medium.  As  a  result  metallographic  and  X-ray  diffraction 
investigations  it  was  established  that  ternary  phases  are  not  formed 
in  this  system.  In  zirconium  diboride,  having  an  insignificantly 
small  region  of  homogeneity,  neither  carbon  nor  nitrogen  are 
dissolved.  With  small  contents  of  zirconium  in  the  system  two-phase 
regions  of  ZrB2~BN  and  a  solid  solution  (ZrN-ZrB)-BN  will  be  found 
at  temperatures  lower  than  l600°C.  With  contents  in  the  medium 
region,  i.e.,  ^>50  at.  %  Zr,  25  at.  %  B  and  ^25  at.  %  N,  three  phases 
are  detected:  the  a-solid  solution  based  on  zirconium,  ZrB2  and  the 
solid  solution  (ZrN-ZrB).  In  melted  samples  in  the  ZrB2-BN-B  region 
the  phase  ZrB12  is  detected.  In  section  ZrN-BN,  ZrB2  is  mainly 
observed,  which  \z  formed  according  to  the  reaction: 

ZrN  +  2BN  »  ZrB,  f  3/2N,. 
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which  agrees  with  the  previous  observations  of  Brewer  and  Haraldsen 
[4l?].  An  investigation  of  the  solid  solutions  of  ZrN-ZrB  shows 
that  the  dissolution  of  ZrB  in  ZrN  mainly  occurs.. 

Kiessling  and  Liu  [320],  in  treating  various  borides  of  chromium, 
iron  tungsten  with  ammonia  at  high  temperatures,  discovered  that 
with  this  the  decomposition'  of  the  borides  occurs  and  nitrides’  of 
metals  and  boron  will  be  formed.  The  stability  of  the  original 
borides  strongly  depends  on  their  composition  and  for  the  iron 
and  chromium  borides  it  increases  with  the  increase  in  the  boron 
content  in  the  phase. 

In  the  Cr-B-N  system  all  the  chromium  borides,  discovered 
by  Kiessling  in  his  time  were  subjected  to  nitridation  with  ammonia: 
S(MJr2B),  s(Cr3B2),  £(CrB),  nCCr^)  and  0(CrB2). 

The  phases,  produced  by  nitriding  for  10  h,  are  given  in 
Table  106  (the  phases,  containing  chromium,  are  enumerated  in  the 
order  of  descending,  chromium  concentration;  boron  nitride  is  shown 
last ) . 

A: 


Table  106.  Results  of  the  nitridation  of  chromium 
borides  [320]. 


TMIpta 

atug-J 

HvCr^ 

«Cr*> 

UCrB) 

IlCrt.) 

552 

735 

800 

900 

954 

1000 

1050 

1100 

1180 

Crfi 

CfJH-CrN+BN 

Cr,B+CrN+BN 

CrN-tO,N+BN 

CrN-fCr,N+BN 

Crrfi+BN 

CrA 

CrA&N 

CrN+Cf^+BN 

CrN+CrtN+BN 

~ 

Cr,N+BN 

CrB 

CrB 

CrB 

CrB-fCrN 

CrB+CrN+BN 

CrN+CrN+BN 

Cr^J+BN 

■  Sr*£* 

5r*|« 

5r*i* 

Cr,B, 

Cr«N+Cr,B4 

Cr.N+BN 

Cr^I+BN 

CrB, 

CrB, 

CA 

CA 

CrB,+CrN 

Cf,N+BN 

Thus,  in  the  order  of  increasing  resistance  to  the  effect  of 
nitrogen  the  phases  of  the  Cr-B  system  can  be  arranged  in  the 
following  series:  Cr2B  (735°C),  Cr^Bg  (800°C),  CrB  (1000°C), 

Cr^Bjij  (900-1000°C)  and  CrB2  (^1100°C).  The  resistance  to  nitrogen 
increases  with  the  composition  of  the  elements  of  the  structure  of 
boron  atoms. 
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Concerning  the  Pe-B-N  system  sufficiently  exact  data  have  not 
been  obtained,  but  greater  resistance  to  the  effect  of  nitrogen, 
apparently,  is  possessed  by  iron  boride  ?eB  (Table  107),  in  the 
structure,  which  are  boron  chains,  whereas  in  the  structure  of  Pe2B 
of  the  boron  atoms  are  isolated  from  each  other. 


Table  10?.  Results  of  the 
nitridation  of  iron  borides 
C320]. 


r*j& 


M 


352 

400 

448 

505 

550 

502 

702 

768 


F*,B 

*W 

mss 

w 

o-Fe+BN 

a-Fe+BN 


‘  FeB 
Fe, B-rt+BNp) 

v'+e+BN 

Yv+e^+ 

+Fe+BN 

a-Fe+BN 


In  work  [902]  the  solubility  of  nitrogen  in  iron-boron  melts 
was  investigated.  The  formation  here  of  boron  nitride  was  detected. 

In  the  W-B-N  system  all  three  bodies  —  W2B,  WB  and  (Table 

108)  were  subjected  to  nitridation.  A  noticeable  increase  in  the 
stability  of  the  borides  with  a  increase  in  the  number  of  B-B 
bonds  was  not  detected  in  this  system:  all  the  borides  begin  to 
interact  with  nitrogen  at  a  temperature  of  800-9 00° C  with  the 
formation  of  the  nitrides  W2N  (the  8-phase  of  Kiessling),  BN,  and 
also  of  the  cubic  nitride  y-phase  of  the  W-N  system,  discovered  in 
the  same  work  by  Kiessling  (concerning  the  W-B-N  system  see  also 
[1109,  1110]). 


Table  108,  The  results  of  the  nitridation 
of  tungsten  borides  [320]. 


T*nj>#r< 

atuf* 

'  *c  ■ 

1  V* 

WB 

W.B, 

m 

W.B 

WB 

WB, 

750 

800 

wji 

WB 

WB+BN 

WB, 

850 

WjB-HhWjjY+BN) 

,  a-W+BN+lY+BN) 

— (WBJ +(y+BN) 

900 

1000 

a-W-HWBJ+BN 

noo 

<  s « **»*  * 

a-W+BN 

a-W-j-BN 

/I  gw^wgggg 


3.  Mstal-.Carbon-Hltrogen  Systems 

Caloiu»-carbon-nJ.trogen«  An  invsstigation  of  the  interaction 
between  calcium  carbide  CaC£  irith  nitrogen  [240]- at  temperatures  of 
850-1100°C  and  in  the  presence  of  various  accelerating  admixtures 
(CaCl2>  CaF2,  BaF2  and  others)  showed  that  the  interaction  reaction 
is  iinear1  and  is  of  the  first  order  with  respect  to  pressure.  This 
makes  it  possible  to  draw  a  conclusion  about  the  fact  that  the 
nitridation  of  calcium  carbide  is  a  typical  topochemical  reaction. 

As  a  result  mixtures  of  CaCN2  +  C.  are  formed. 

Alumlnum-carb on-nitrogen ♦  In  this  system  the  existence  of  the 
ternary  carbonitrides  AlgC^Ng,  AlyC^Ng*  AlgC^Njj  has  been  reliably 
established,  and  also  the  existence  of  the  compounds  Al^C^N^  and 
A1i0C3N6  is  assumed  [908],  i.e.,  the  presence  of  a  homologous  series 
of  connections  with  the  general  formula  (AlN)n* Al^C^.  The  character 
of  the  basio  properties  of  these  compounds  in  comparison  with  the 
properties  of  aluminum  nitride  and  carbide  are  given,  according  to 
[908,  909],  in  Table  109. 

Table  109.  The- structure  and  density 
of  aluminum  carbonitrides. 


K  - 

l 

f 

i  Com pound 

[ 

Number  of 
atoms  in 
the  unit 

oell 

Spue 

group 

Lattioe  constant 

Density  g/om 

a 

0 

e/a 

oal- 

oul- 

atcd 

istrio 

f  AIN 

2 

P6,me 

3,11! 

4,978 

1,600 

3.232, 

3,20 

l  AI.C, 

3 

R3m  ' 

3.330 

24,89 

7,474 

3,«xr 

t.jn 

r  A1>C|N 

2 

P&tmc 

3.281 

21,67 

6,005 

.3,039 

2,90 

1 

3 

■RSm 

3,248 

40,03 

12,33 

3,076 

3,04 

&  •  A’jCjNj 

2 

P6,m 

3,228 

31,70 

9,826 

3,102 

3,046 

3 

Rim 

3,211 

35,06 

17, IS 

3,133 

3,03 

*  , 

Pfvnc 

3.197 

41,69 

13,04 

9,141 

3,06 

p  AluC*N»* 

3 

Rim 

3,188)70,90 

21,97 

3,157 

3.07 

•Assumed  ooi* pounds. 

Transition-metal  carbonitride  systems.  A  large  part  of  the 
transition-metal  carbides  and  nitrides  of  groups  IV  and  V  form  a 
continuous  series  of  solid  solutions ,  with  the  exception  of  alloys 
with  TaN,  having  a  hexagonal  structure  and  certain  alloys  with 
VN  and  VC  with  lattice  constants  of  other  carbides  and  nitrides. 
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The  data  on  the  mutual  solubility  of  the  nitrides  and  carbides  of 
groups  IV  and  V  are  brought  together,  with  respect  to  Kleffer  [3333 
In  Table  110. 


Table  110.  The  mu- 
tual  solubility  of 
transition-metal  of 
groups  IV  and  V.* 


Connto- 

tions 

TIC 

ZfC 

H/C 

VC 

NbC 

T«C 

TIN 

ZrN 

A 

A 

81 

A 

B 

A 

B 

8! 

HfN 

VN 

f 

81 

81 

t 

8' 

81 

NbN 

A 

(A) 

(A) 

A 

A 

U) 

TiN 

(B) 

<B) 

lB) 

(A) 

IB) 

B 

•A  .  oomplete  mutual  solubility; 
5  -  the  absenoe  of  or  very  little 
solubility;  B  -  the  solid  solu¬ 
tion  region  on  the  part  of  the 
euble  phase.  The  probable  char¬ 
acteristics  of  the  unexamined 
systems  are  given  in  parentheses. 


The  results  of  the  experimental  investigation  of  mixed 
carbonitride  systems  are  given  according  to  [177,  2hh ] ,  in  Pigs. 
140-142.  Moreover  in  the  TiN-VC,  TiN-NbC,  ZrN-TiC,  VN-VC,  VN-NbC, 
VN-TiC,  NbN-TiC,  NbN-VC,  NbN-NbC  systems  continuous  solubility  has 
been  established,  and  in  the  ZrN-VC  and  ZrN-NbC  systems  -  limited 
and  low  solubility. 


Fig.  140.  Variation  in  the  lattice  constant  in  TiN  (ZrN)-TiN  (VC, 
NbC) . 

Pig.  l4l.  Variation  in  lattice  constant  in  the  NbN-TiC  (VC,  NbC). 


Fig.  142.  Variation  in  the  lattice 
constant  in  VN-TiC  (VC,  NbC)  systems. 


The  most  detailed  data  on  the  number  of  systems  of  this  type 
are  given  in  work  [978],  where  the  preparation  conditions,  the 
structure  and  the  physical  properties  of  the  TiC-ZrN,  TiC-TaN,  ZrC- 
NbN,  ZrC-TaN,  ZrN-NbC,  NbN-TaC  systems  were  investigated.  They  are 
all  systems  with  a  continuous  series  of  solid  solutions,  with  the 
exception  of  the  TiC-TaN  and  ZrC-TaN  systems,  in  which  the  solid 
solutions  in  the  region  up  to  a  TaN  content  respectively  of  80  and 
85  molar  %.  In  the  TiC-TaN,  TiC-ZrN,  ZrC-NbN  systems  the  variation 
in  the  molar  magnetic  susceptibility  is  monotypic  -  it  smoothly 
increases  from  the  negative  values  for  the  corresponding  carbides 
to  t£e  positive  valuer  for  the  nitrides;  this  variation  in  all  cases 
is  nonlinear  with  the  intersection  by  the  susceptibility  curve  of  the 
axis  of  compositions  at  *20  molar  %  nitride  component. 

An  investigation  of  systems  of  mononitrides  with  monocarbides 
was  carried  out  in  [905].  The  formation  of  a  continuous  series 
of  solid  solutions  in  the  TiC-ZrN,  TiC-NbN,  ZrC-ZrN,  ZrC-NbN,  Zrn- 
NbC,  NbC-NbN,  NbN-TaC  systems  was  confirmed.  Hexagonal  TaN  dissolves 
in  TiC  up  to  70  molar  %  and  in  ZrC  up  to  80  molar  %.  An  investigation 
of  the  magnetic  susceptibility  of  these  alloys  showed  that  the  effect 
of  carbon  in  the  nitride  in  general  is  considerably  less  expressed 
than  nitrogen  in  the  carbide. 

An  analogous  investigation  of  a  number  of  monocarbide  and 
mononitride  systems  is  given  with  ttfe  participation  of  hafnium  and 
it  is  demonstrated  that  in  systems  of  HfN  with  TiN,  ZrN,  TiC,  ZrC, 

HfC,  NbC,  TaC  and  also  in  systemt  of  HfC  tfith  TiN,  ZrN,  NbN  a 
continuous  series  of  solid  solutions  Will  be  formed  [906],  The 


nitrides  VN  and  TaN  Pignificantly  dissolve  in  HfN,  and  the  dissolu¬ 
tion  of  TaN  in  HfC  is  also  considerable. 

In  works  [232,  255]  the  kinetics  of  the  replacement  of  nitrogen 
is  titanium,  zirconium  and  hafnium  were  investigated  by  carbon 
nitrides. 

Tltanlum-carbon-nitrogen.  Carbide  titanium  TiC  will  form  with 
titanium  nitride  TiN  a  continuous  series  of  solid  solutions  [175]. 

The  results  cf  an  X-ray  diffraction  investigation  of  TiN-TiC  alloys, 
prepared  by  heating  mixtures  of  TiN  +  TiC  for  *1  h  at  a  temperature 
of  2425°C  [177],  makes  it  possible  to  consider  that  the  lattice 
constant  varies  with  composition  practically  according  to  the  Vegard 
rule  (see  Pig.  140).  The  single-phaBicity  of  an  alloy,  corresponding 
to  the  empirical  formula  TiioN8C2  and  having  a  lattice  of  the 
NaCl  type  with  a  constant  of  4.243  kX,  was  established  earlier. 
Crystals  of  titanium  carbonitrides ,  extracted  from  steel,  containing, 
0.1-1£  C  and  up  to  6%  Ti,  had  compositions  over  a  wide  range  of  from 
almost  pure  TiN  to  almost  pure  TiC  [243].  In  the  slags  of  blast 
furnaces  upon  the  melting  of  high-titanium  charges  titanium 
carbonitrides  are  present  [191].  Due  to  the  high  melting  point  they 
vigorously  reduce  the  fluidity  of  the  slags. 

The  properties  of  TiN-TiC  alloys  were  investigated  in  detail  in 
works  [126,  170,  830],  In  the  transition  from  TiN  to  TiC  the  value 
of  the  coefficient  of  thermo-emf  increases,  passing  into  the  region 
of  TiC  content  of  the  order  of  25  molar  %  through  a  small  relative 
maximum.  The  behavior  of  the  specific  electrical  resistance  also 
reveals  a  rather  sharp  maximum  of  electrical  resistance  at  20-305?  TiC. 
The  Hall  coefficient  on  the  contrary,  increases  monotonically .  The 
thermal  coefficient  of  electrical  resistance  in  the  transition  to 
70-80  molar  %  TiC  displays  a  maximum,  and  then  decreases  somewhat 
to  pure  TiC  (Fig.  143).  The  magnetic  susceptibility  sharply  decreases 
with  the  dissolution  of  TiC  in  TiN  (see  Fig.  16  [830]).  An 
investigation  of  the  temperature  dependence  of  the  Hall  constant  of 
titanium  carbonitrides  with  a  low  nitrogen  content  (TiCQ  Q0^; 

T1C0.96lN0.025i  TiC0.948N0.047*  T1G0.930N0.075;  TiC0. 952^0. 042) 
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was  carried  out  in  work  [798].  It  was  demonstrated  that  with  an 
increase  in  temperature  in  the  region  of  up  to  300° K  the  deviation  in 
the  values  of  the  Hall  coefficient  decreases  to  practically  full 
disappearance  of  this  difference  $t  ^300°K. 


Pig.  143.  Physical  properties  of 
alloys  in  the  TiN-TiC  system:  1  - 
specific  electrical  resistance;  2  - 
Hall  coefficient;  3  -  thermo-emf  co¬ 
efficient;  '4  -  thermal  coefficient  of 
electrical  resistance. 


J 


i 

The  kinetics  of  the  replacement  of  nitrogen  by  carbon  in  the 
Ti-N-C  system  were  investigated  in)  work  [232]. 

• 

Zirconium  (hafnlum)-carbon-nlfrrogen.  Investigations  of  certain 
electrophysical  properties  of  alloys  of  the  ZrC-ZrN  system  [789] 
showed  the  metallic  nature  of  .theij*  conductivity  at  least  up  to  a 
temperature  of  300°K  (with  a  low  thermal  coefficient  of  electrical 
resistance),  and  also  the  weak  temperature  dependence  of  the  Hall 
constant  in  this  region.  An  analogous  investigation  was  carried  out 
in  the  same  work  for  certain  alloys  of  the  HfC-HfN  system. 

According  to  [978],  the  molar  magnetic  susceptibility  in  the 
ZrC-ZrN  system  monotonically  and  nonlinearly  increases  from  a 
negative  value  for  ZrC  (-20.3*10  to  a  positive  value  for  ZrN 
(+22* 10”6) . 

Vanadium- oarb on-nitrogen .  In  the  V-VC— VN  system  at  a  temperature 


of  110-l400°C  [433]  three  different  phases  were  detected:  the 
metallic  a-phase,  two  carbonitrides  «  the  hexagonal  8-phase  (type 
L'3)  V2(C,  N)  and  the  cubic  5-phase  (type  B1)  V(C,  N).  The  two 
regions  of  existence  of  these  phases  are  shown  ih  Pig.  144  [1082]. 


Pig.  144.  Phases  of  the  ternary 
system  V-VC-VN  in  the  temperature 
range  1100-l400°C:  o  are  single¬ 
phase;  •  are  two-phase. 


Niobium-carbon-nitrogen .  In  works  [920,  923]  the  phase  diagram 
of  the  Nb-NbC-NbN  system  was  plotted,  depicted  in  Pig.  145  (the 
isothermal  section  is  at  1250-l450°C) .  As  follows  from  these  data, 
there  are  two  regions  of  carbonitride  phases  in*the  system.  The 
region  of  existence  of  the  cubic  5-phase  of  the  NaCl  type  has  the 
shape  of  a  broad  band  between  the  binary  phases  of  the  same  type. 

The  carbonitride  8-phase,  having  hexagonal  tightest  packing  of 
the  metal,  also  spreads  through  the  whole  ternary  region  and  connects 
both  binary  compounds  of  identical  structure  —  Nb2C  and  Nb2B.  The 
positions  of  the  phase  borders  depicted  in  Pig.  145  correspond  to 
nitridation,  carried  out  at  a  temperature  of  1250-1300°C  and  at  a 
nitrogen  pressure  of  1  at.  By  nitriding  at  a  nitrogen  pressure  of 
4.5-5  at.,i  a  temperature  of  1450° C  and  an  exposure  of  1.5-2  h,  a 
mixture  of  niobium  ahd  niobium  carbide  or  by  homogenization  under 
the  indicated  conditions  of  mixtures  of  niobium  carbide  and  nitride 
in  work  [966]  solid  solutions  of  NbC-NbN  (carbonitrides)  were  pro¬ 
duced  in  a  broad  region  of  compositions,  and  it  was  also  shown  that 
maximum  critical  temperature  of  transition  to  superconductivity, 
equal  to  17.9°K  to  the  composition  NbCQ  ^NbNg  ^  corresponds.  An 


electron  concentration  of  about  4.85  valence  electrons  per  atom 
corresponds  to  the  same  composition.  Presence  of  maximum  is 
connected  with  the  presence  of  a  maximum  density  of  electron  energy 
states  at  the  Fermi  surface  at  the  indicated  electron  concentration. 


Fig.  145.  Phases  of  the  ternary 
system  Nb-NbC-NbN  at  1250-l450°C. 


Concerning  the  superconductivity  of  cubic  niobium  carbonitride 
see  also  work  [1018]. 

The  molar  magnetic  susceptibility  of  alloys  in  the  NbC-NbN 
system  increases  rather  steeply  from  18*10”^  for  NbC  to  ^30 •10“^  at 
a  NbN  content  of  40  at.  %,  after  which  with  a  subsequent  increase  in 
the  niobium  nitride  content  (up  to  100  molar  ! )  it  practically  does 
not  vary  [978]. 

Niobium  carbidonitride  (6-phase)  forms  in  a  heat-resistant 
alloy  based  on  cobalt,  containing  1%  Nb  and  0.20$  C. 

Tantalum-carb on-nitrogen .  The  authors  [526]  detected  the 
continuous  series  of  solid  solutions  Ta2C-Ta2N.  The  solubility  of 
TaN  in  TaNQ  Q  (6-phase)  is  of  the  order  of  5  at.  % ,  and  the 
solubility  of  TaC  in  TaN  is  very  small;  solubility  of  TaN  in  TaC 
was  not  found.  Ternary  nitride  phases  also  were  not  detected. 

In  work  [923]  the  ternary  system  Ta-TaC-TaN  was  investigated. 
The  following  phases  were  found:  the  metallic  a-phase  with  a  cubic 
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body-centered  structure  (dissolving  up  to  5  at,  %  carbon  and 
nitrogen),  the  $-phase  with  hexagonal  dense  packing  (existing  in 
two  crystalline  forms),  the  S-phase  with  an  unknown  structure  and  the 
hexagonal  n-phase  corresponding  to  TaCQ  ^  or  TaN^  0Q,  the  6-phase 
of  the  NaCl  type,  corresponding  to  the  structure  of  TaC  (Fig.  146). 


Fig.  146.  Phases  in  the  ternary 
system  Ta-TaC-TaN  at  1250-l450°C: 
o  are  single-phase ;  •  are  two- 
phase;  A  are  three-phase. 


Chromium-carbon-nitrogen .  In  work  [434]  it  was  demonstrated 
that  in  the  carbidizing  of  chrome  coatings  in  a  medium,  containing 
nitrogen,  on  chromium  a  layer  of  chromium  nitride  Cr2N  will  be 
formed,  then  follows  a  layer  of  chromium  carbide  Cr^C^  and,  finally, 
an  external  carbide  layer  of  Cr^C^.  In  connection  with  the  presence 
of  a  hexagonal  structure  for  the  nitride  Cr2N  and  the  carbide  Cr^C^ 
they  dissolve  to  a  limited  degree  in  each  other.  Researchers  [435] 
sintered  mixtures  of  the  powders  Cr^C2  and  Cr2N  by  the  hot  pressing 
method  at  1500°C.  By  an  X-ray  diffraction  investigation  the 
existence  of  chromium  carbonitride  of  the  composition  Cr2NQ  3^0.6 
was  detected  which  is  a  derivative  of  the  chromium  nitride  Cr2N 
(replacement  of  part  of  the  nitrogen  atoms  by  carbon  atoms). 

Another  chromium  carbonitride  is  a  derivative  of  the  chromium  carbide 
Cr^C^  and  has  a  composition,  described  by  the  formula  Cr^C2  ^Nq 
One  more  carbonitride  Cr~N„  rC n  -  is  the  ordered  saturated  solid 

2  u . 0  u .3 

solution  of  nitrogen  and  carbon  in  chromium  and  it  is  that  solution, 
which  is  formed  by  treating  chromium  with  nitrogen  and  carbon, 
detected  in  work  [434]  on  the  boundary  of  the  Cr2N  and  Cr^C^  layers. 
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A  more  detailed  study  of  the  Cr-C-N  system  was  carried  out 
by  Ettmayer  [1021],  which  investigated  the  two  isothermal  sections  , 

by  the  X-ray  diffraction  method  at  temperatures  of  1100  and  1400°C, 
at  pressures  of  from  1  to  30  at.  As  a  result  it  was  established  ♦ 

that  chromium  carbides  practically  do  not  dissolve  nitrogen,  and 
chromium  mononitride  does  not  dissolve  carbon;  whereas  the  nitride 
dissolves  considerable  quantities  of  chromium  carbide.  At  high 
nitrogen  pressure  the  ternary  compound  of  the  approximate  composition  j 

Cr0.  62Co  35Wo  03  was  detectec  i  having  a  rhombic  structure  (a  =  6.952;  j 

b  -*9.255;  c  =  2.845  A).  j 

1 

According  to  [993] >  in  the  chromium-carbon-nitrogen  system  the  j 

compound  Cr^(C,  N)9  exists  (space  group  D2^,  the  structure  of  which  1 

is  related  to  the  structure  of  Cr^C2  (it  contains  octahedral  and  j 

trigonal-prismatic  structural  elements).  | 

A  newly  conducted  investigation  of  the  phases  forming  in  the 
Cr-C-N  system  [1056]  showed  the  presence  of  carbonitrides  phases  of 
Cr^CN  (the  hexagonal  e-Fe^N  type;  a  =  4.83  to  4.85;  c  =  4.48  to 
445  A;  the  density  is  6.44  g/crn^;  there  exists  up  to  15%  C  in  the 
alloys);  Cr2CN  (the  rhombic  £-Fe2N  type;  a  =  4. 85;  b  =  5. 60;  c  =  \ 

O  O  } 

-  4.44  A;  the  density  is  4.44  g/cnr)  and  Cr^CN2  (a  rhombic,  structural  i 

type  with  the  space  group  ;  a  =  6.95;  b  =  9.25;  c  =  2.84  A;  the  j 

C.  | 

density  is  6.50  g/crrr;  it  melts  incongruently  at  l600°C;  the  ] 

2 

Vickers  hardness  is  1600  kg/cm  ).  ^ 

ilolybdenum-carbon-nltrogen  [427].  Upon  the  interaction  of 
molybdenum  with  CO  and  nitrogen  at  450-850°C  only  mixtures  of  8- 
and  6-molybdenum  nitride  will  be  formed;  the  formation  carbonitrides 
has  not  been  established  (cyanogen  and  dicyanogen  are  contained  in  the 
exhaust  gases). 

Tungsten-carbon-nitroge^. -  In  work  [838]  reaction  diffusion  * 

was  investigated  in  the  W-C-N2  system.  It  was  demonstrated  ^hat  in 
this  case  only  binary  phases  will  be  formed,  where  in  the  presence 
of  nitrogen  the  process  of  the  diffusion  of  nitrogen  into  tungsten 
is  inhibited. 
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Manganese-carbon-nitrogen .  Upon  the  interaction  of  the  nitride 
with  manganese  carbide  and  metallic  manganese  at  1000°C  (from  8  to 
28  h)  manganese  carbonltride  will  be  formed  Mni^N1_x Cx  with  x  = 

=  0.102-0.798  and  with  an  increase  in  this  region  of  the  composi¬ 
tions  of  the  Curie  point  from  515  to  626°C  will  be  formed  [393]. 

Iron-carb on-nitrogen.  This  system  was  investigated  by  Bridelle 
and  Michel  [ ^ 32 ] .  Alloys  prepared  by  nitriding  the  iron  carbide 
Fe^C  with  ammonia  at  a  temperature  of  400-500°C  for  1-70  h,  by 
carburizing  iron  nitride  (y-phase)  at  450°C  with  a  mixture  of 
H2  +  CO,  and  also  by  simultaneously  carburizing  and  nitriding  Fe2Og 
at  450-550° C. 

In  all  cases  the  formation  of  the  ternary  compound  Fe  N  C  was 
detected  with  a  hexagonal  lattice,  the  constants  of  which  are:  a  = 

=  2.749;  c  =  4.400  kX.  The  exact  composition  of  this  phase  remains 
undetermined;  apparently,  it  has  a  rather  broad  region  of  homogeneity 
both  with  respect  to  the  content  of  nitrogen,  and  also  of  carbon. 

Jack  [924]  indicates  that  this  region  of  homogeneity  stretches  from 
FegNjj  to  FegCgN.  The  latter  is  isomorphic  to  Fe2N.  In  the  patent 
[430]  methods  of  producing  iron  carbonltride  by  heating  mixtures  of 
pure  iron  powder  with  cyanide  salts  of  alkali  metals  at  750°C  are 
discussed. 

The  scheme  of  the  basic  reaction  in  the  Fe-C-N  system  is  given 
in  work  [936]. 

Uranium  (thorium)-carbon-nitrogen .  An  X-ray  diffraction 
investigation  of  mixtures  of  UC-UN  and  ThC-ThN  powders,  heated  in 
an  argon  medium  at  l600°C  for  4  h  was  made  [935].  In  the  ThC-ThN 
system  a  continuous  series  of  solid  solutions  will  be  formed  with 
practically  an  exact  correspondence  in  the  variation  in  the  lattice 
constant  to  the  Vegard  rule.  In  the  analogous  UC-UN  system  two 
phases  are  observed,  one  of  which  is  the  solid  solution  UC-UN. 
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On  the  other  hand,  as  was  noted  in  [1041],  with  the  correct 
selection  of  the  conditions  of  homogenization  uranium  monocarbide 
and  mononitride  will  form  a  continuous  series  of  solid  solutions 
without  the  appearance  of  any  additional  phases. 

The  authors  [1055]  present  additional  data  on  the  U-C-N  system 
and  the  properties  of  uranium  carbonitrides  as  promising  materials 
of  dispersed  nuclear  fuel. 

Uranlum-plutonium-carb on-nitrogen  [1041].  In  the  UC-PuN  system 
a  continuous  series  of  solid  solutions  will  be  formed.  Variations  in 
the  lattice  parameters  differ  insignificantly  from  the  Vegard 
rule . 


4.  Metal-Oxygen-Nitrogen  Systems 

Lithium-titanium  (germanium,  silicon) -oxygen-nitrogen  [425]. 
Upon  melting  Li^N  with  Ti02'and  TiN  (or  Li.,0)  oxynitrides  of  the 
general  formula  will  be  formed:  Li^TiN^-xL^O  (x  =  0.5;  0.9;  1.6; 
2.0;  5.2),  having  a  structure  of  the  fluorite  type  with  the  lithium 
and  titanium  atoms  in  the  positions  of  fluorine,  and  nitrogen  and 
oxygen  atoms  in  the  positions  of  calcium.  Oxynitrides  of 
Li^SiN^ Li20  and  Li^GeN. . 2Li20  will  be  formed  in  an  analogous 
manner.  They  are  readily  soluble  in  dilute  acids;  they  are  similar 
in  properties  to  the  ternary  nitrides  Li^XN^  (where  X  =  Ti,  Ge,  Si). 

Aluminum  (gallium,  germanium)-oxygen-nitrogen.  Aluminum 

oxynitride  A1Si,Di_,  CVxN,  will  be  formed  by  substituting  oxygen  atoms 

~ 

and  it  contains  a  considerable  fraction  of  □  defects  [538],  This 
oxynitride  is  designated  as  the  y-phase  of  the  Al-O-N  system. 
Furthermore,  one  more  oxynitride  has  been  detected:  the  6-phase 
analogous  in  structure  to  6-Al20^  with  the  lattice  constants 
a  =  7.943;  c  =  11.72  A.  With  a  decrease  in  nitrogen  content  the 
lattice  becomes  rhombic  with  the  constants  a  =  7.943;  b  =  7.962; 
c  =  11.71  A. 
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In  the  Ga-O-N  system  no  oxynitride  phases  were  detected,  and 
in  the  Ge-O-N  system  the  existence  of  an  oxynitride  of  the 
composition  GegOQN2  was  established  with  a  large  number  of  lattice 
defects.  Its  structure  is  analogous  to  the  structure  of  rutile; 

O 

the  lattice  constants  are  a  =  4.395;  c  =  2.864  A. 

Calcium-oxygen-nitrogen .  Samples  of  calcium  carbonitride  with 
the  structure  of  CaO  and  a  composition,  varying  from  . 944^0 . 024 
(a  =  4.8192  A;  the  pycnometric  density  is  3.283;  the  X-ray  density 
is  3.294  g/cm3),  CaO0<932N0>029  (a  =  4.8216  A,  the  pycnometric 
density  is  3.287;  the* X-ray  is  3.283  g/cm3)  were  obtained  in  work 
[967]  by  heating  CaO  in  Ca  and  N2  vapors,  which  are  formed  as  a 
result  of  the  dissociation  of  Ca^Ng  at  1100°C  in  a  hermetic  iron 
container.  These  products  are  examined  as  a  solid  solution  of  the 
nitride  Ca2N  (or,  possibly,  Ca^N2)  in  CaO;  it  has  a  high  electrical 
resistance.  Similar  phases  were  detected  in  Sr(Ba)-0-N  and  Ca-S- 
N  systems. 

Titanium-oxygen-nitrogen.  Stone  and  Margolin  [921]  investigated 
the  phase  diagrams  for  samples,  obtained  by  treating  molten  titanium 
iodide  in  an  arc  furnace  with  NO.  The  alloys  were  homogenized, 
annealed  with  subsequent  quenching  in  water.  At  a  temperature  of 
1770°C  a  ternary  peritectic  reaction  is  observed,  the  Ti-N-0  system 
is  characterized  by  regions  of  a-,  $-  and  a  +  8-phases,  which  expand 
with  an  increase  in  temperature.  It  was  determined  that  the 
addition  of  oxygen  to  Ti-N  alloys  reduces  the  effect  of  nitrogen 
as  a  stabilizer  of  the  a-phase. 

The  dependence  of  the  lattice  constant  on  the  composition  in 
the  TiO-TiN  system  was  determined  in  work  [77];  this  dependence 
compared  with  the  shape  of  the  density  curve  of  samples,  annealed 
at  1700°C.  In  the  region  from  0  to  60  molar  %  TIN  the  lattice 
constant  increases,  and  then,  having  attained  a  value  of  aTiI^, 
remains  constant.  The  density  auriftg  the  variation  In  the 
composition  from  0  to  30  molar  %  TiN  drops;  at  30-60  molar  %  TiN  it 
increases  linearly,  and  subsequently  remains  constant.  These  data 
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are  explained  Dy  the  fact  that  up  to  the  composition  of  TiOg  ^Ng  ^  the 
formation  of  a  solid  solution  occurs,  and  up  to  TiOg  ^Nq  g  the 
defect  sites  are  filled  (in  TiO,  according  to  Ehrlich  [135],  about 
16$  of  the  defects).  In  the  region  above  60  molar  %  TIN  a  hetero¬ 
geneous  mixture  of  TiOg  ^Nq  g  and  TIN  will  be  formed. 

A  detailed  investigation  of  the  physical  properties  of  the 
alloys  of  this  system  was  carried  out  in  work  [174]  (Table  111). 

On  the  curves  of  the  concentration  dependence  of  electrical 
resistance,  the  coefficient  of  thermo-emf,  the  Hall  coefficient 
minima  are  detected,  corresponding  to  approximately  20-30  molar  % 

TiO  in  the  alloys . 


Table  111.  The 
composition  and 
the  results  of  the 
measurements  of 
the  electrical 
properties  of 
alloys  of  TiN-TiO. 


Content 
molar  $ 

Spec¬ 

ific 

elec¬ 

trical 

resis¬ 

tance. 

Hall  | 
coeffi¬ 
cient 
1.104, 
om^/C 

|  Coeffi¬ 
cient 
of 

thermo- 
emf, 
mV .deg 

TiN 

TiO 

100 

0 

26 

-0,67 

—9,3 

90 

10 

17,9 

-0,4 

-7,1 

79,6 

20,4 

13,1 

-0,17 

.—6*4 

73,1 

26,9 

11,3 

-0,48 

-6.75 

65,0 

35,0 

12.1 

-0.82 

— * 

62,7 

37,3 

12,7 

—1,36 

— 8 ,6 

47,6 

52,4 

14.2 

-1.64 

— 

46,7 

53.3 

-1 ,70 

-13,4 

46,0 

54,0 

14,3  ! 

—2,02 

— 

41,8 

58,2 

27,0 

1 

—2,64 

— 

As  follows  from  the  data  on  the  variation  in  the  electrical 
resistance  for  the  section  of  the  TiN-TiO  system,  the  addition  of 
TiO  to  TiN  at  first  causes  a  rather  sharp  decrease  in  the  electrical 
up  to  a  TiO  content  of  25-30  molar  %,  after  which  the  resistance 
again  slowly  increases  to  50-55  molar  %  TiO,  when  this  increase 
becomes  acute.  Such  behavior  in  the  variation  of  the  property  is 
usually  characteristic  for  cases  of  the  mutual  effect  of  two 
competing  factors,  which  in  this  case,  obviously  are  the  atomic 
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radius  and  the  ionization  potential  of  oxygen.  With  small  admixtures 
of  oxygen  its  smaller  ionization  potential  (13.57  eV)  plays  the 
basic  role  as  compared  to  the  nitrogen  atom  (14.51  eV),  which 
facilitates  the  transfer  of  electrons  due  to  the  oxygen  atoms  into 
the  conduction  band  and  decreases  the  total  negative  polarization  of 
the  energy  complexes  of  the  lattice,  consisting  of  nitrogen  and 
oxygen  atoms.  However  the  effect  of  the  geometry  factor  -  the 
larger  simultaneously  increases,  which  causes  a  gradual  decrease 
in  the  overlapping  of  the  energy  bands,  accompanying  the  increase 
in  the  lattice  constant  of  the  solid  solution.  Beginning  with  30 
molar  %  TiO  this  factor  acts  to  an  even  greater  degree  which  causes 
a  gradual  increase  in  resistance,  and  in  the  region  of  50  molar  % 

TiO  a  sharp  increase  in  resistance  occurs  due  to  the  predominance 
of  oxygen  atoms  in  the  lattice  of  the  solid  solution  and  the  unique 
"inversion  of  phases,"  when  titanium  oxide  becomes  the  solvent  and 
not  the  dissolved  component.  An  important  role  is  also  played, 
arrarently,  by  the  ability  of  the  oxygen  atom  to  transfer  to  the 
bond  only  two  electrons  as  compared  to  the  three  electrons  for  the 
nitrogen  atom. 

A  minimum  of  emf  for  a  TiO  content  of  20  molar  %  and  its 
coincidence  with  the  minimum  on  the  electrical  resistance-composition 
curve  agrees  well  with  the  concepts,  consisting  of  the  fact  that 
thermo-emf  decreases  with  respect  to  absolute  value  with  an  increase 
in  the  degree  of  overlapping  (erosion)  of  the  energy  bands. 

With  respect  to  a  concentration  variation  in  the  Hall 
coefficient  of  up  to  20  molar  %  TiO,  it  is  possible  to  assume  a 
relative  increase  in  the  hole  fraction  in  the  process  of  electrical 
conductivity  which  agrees  with  the  decrease  in  the  absolute  value  of 
the  negative  value  of  the  thermo-emf.  Conversely,  beyond  20  molar 
%  TiO  the  hole  contribution  to  electrical  conductivity  decreases. 

Prom  Pig.  147  it  follows  that  all  the  investigated  alloys  upon 
achieving  a  definite  temperature  change  the  sign  of  the  temperature 
coefficient  of  electrical  resistance  to  the  negative,  where  this 
temperature  in  general  increases  with  the  increase  in  the  nitrogen 
content  in  the  solid  solution  with  a  simultaneous  decrease  in  the 
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absolute  value  of  the  maximum  electrical  resistance.  Previously 
the  temperature  transition  through  the  maximum  of  alloys  rich  in 
TiO,  was  connected,  obviously,  with  the  role  of  the  geometric 
factor  -  the  larger  dimension  of  the  ionic  radius  of  oxygen,  leading 
to  a  reduction  in  the  erosion  of  the  energy  bands.  The  diverse 
nature  of  the  maxima  on  the  curves  is  noted  -  probably,  the  sharp 
maxima  correspond  to  the  predominant  affect  of  one  of  the  nonmetals 
(oxygen  or  nitrogen),  and  the  relatively  flat  ones  -  to  their 
mutual  affect,  close  with  respect  to  the  final  result  to  each  other. 


Fig.  147.  The  temperature-concentration 
dependence  of  the  electrical  resistance. 


In  work  [1066]  the  enthalpy  of  the  formation  titanium 
oxynitrides  TiNxOy  with  the  sum  of  indices  for  nitrogen  and  oxygen, 
equal  to  1;  0.8;  0.7,  was  determined.  It  was  demonstrated  that  the 
enthalpy  of  the  formation  of  the  oxynitrides  is  composed  by  adding 
the  enthalpies  of  the  formation  of  TIN  and  TiO. 

Zirconium-oxygen-nitrogen ♦  In  this  system  oxynitrides  of  the 
general  composition  Zr^2_2x^x+y  were  detected  [440,  538]. 

The  results  of  an  investigation  of  a  reaction  between  Zr02  and 
ammonia  [440]  showed  that  at  950° C  the  formation  of  a  white-colored 
phase  (according  to  the  designations  of  [440]  -  the  3-phase)  is 


observed;  with  a  more  protracted  reaction  -  the  formation  of  the 
yellow-colored  y-phase  but  with  the  heating  of  zirconium  dioxide  in 
a  stream  of  ammonia  at  higher  temperatures,  for  example  at  1100°C, 
the  y-phase  decomposes  with  the  formation  of  the  8-phase  and  the 
nitride  ZrN.  Finally,  at  very  high  temperatures  (above  2000°C)  the 
8-phase  decomposes  and  the  nitride  ZrN  forms,  and  also  the  8' -phase, 
the  structure  of  which  is  reminiscent  of  the  structure  of  the  8-phase 
The  phases  8,  8’,  Y  are  stable  at  the  temperatures  of  their  formation 
only  in  a  nitrogen  medium,  and  when  heated  in  an  inert  medium 
(for  example,  argon)  they  decomposes  with  the  formation  of  zirconium 
nitride  and  monoclinic  Zr02>  The  greatest  amount  of  the  nitride 
will  be  formed  upon  the  decomposition  of  the  y-phase  (75%),  less 
by  the  8-phase  (40%)  and  the  least  -  by  the  decompositions  of  the 
8' -phase  (20%).  An  X-ray  diffraction  investigation  showed  that  all 
these  phases  are  zirconium  oxynitrides  of  various  compositions.  Thus 
the  y-phase  has  the  composition  Zr?0N?  and  crystallizes  into  cubic 
body-centered  lattice  with  a  constant  of  a  =  10.135  A;  the  8-phase 
is  rhombohedral  with  a  =  6.246  A,  a  =  99°35',  its  composition 
corresponds  approximately  to  the  formula  Zr^OgN^;  the  8'-phase  is 
also  rhombohedral  and  corresponds  to  the  composition  Zr^O^Ng. 

Vanadium-oxygen-nitrogen  [445].  Upon  the  thermal  decomposition 
of  ammonium  metavanadate  in  a  medium  of  nitrogen  or  ammonia,  thinned 
with  hydrogen,  at  temperatures  of  500-1000° C  vanadium  oxynitride 
will  be  formed.  The  compositions  of  the  oxynitrides  agrees  with 
the  data  of  [67],  where  it  was  demonstrated  that  upon  the  decomposi¬ 
tion  of  the  metavanadate  the  compound  V  N  0„  will  be  formed  with 

x  y  z 

0.9  <  x  <  1.14;  0.94  <  y  <  0.98;  0.02  <  z  <  0.04 

Niobium-oxygen-nitrogen .  In  work  [443]  part  of  the  Nb-O-N 
system  with  the  ratios  (N,  0)Nb  £  1  was  investigated.  Two  ternary 
oxynitride  phases  were  established:  NbN-o.sO-o.i  with  an  NaCl  structure 
(the  lattice  constant  is  a  =  4.373-4.390  A)  and  also  NbNA  A  with 

0 . b  0.3 

a  tetrohedrally  deformed  lattice  of  the  NaCl  type.  The  lattice 
constant  varies  from  a  =  4.370,  c  =  4.295  A,  c/a  =  O.983  to  a  = 

=  4.386,  c  =  4.325  A,  c/a  =  0.986.  Other  ternary  phases  were  not 
detected. 


435 


An  attempt  to  produce  niobium  oxynitrides  by  interacting  niobium 
oxides  with  niobium  nitrides  or  with  other  nitrogen-containing 
compounds  of  niobium  did  not  yield  positive  results:  in  all  cases 
the  6-NbN  phase  was  formed  with  a  very  how  oxygen  content  [910], 
Niobium  oxynitrides  were  obtained  by  treating  Nb20^  with  ammonia  at 
a  temperature  of  750-800°C.  They  all  have  the  structure  either  of 
cubic  6-NbN ,  or  hexagonal  e-NbN.  The  oxynitrides  are  characterized 
by  low  stability;  they  decompose  upon  heating  to  1000°C  (Table  112, 
[920]).  Niobium  oxynitrides  have  severe  defectiveness  in  the  niboium 
sublattice . 


Table  112.  Producing  con¬ 
ditions  and  properties  of 
niobium  oxynitrides. 


Composition 

Tem¬ 

pera¬ 

ture. 

°C 

Reac¬ 

tion 

time, 

h 

Struc¬ 

tural 

type 

Pyono- 

metrio 

density 

s/cm3 

750 

482 

6-NbN 

6,86 

Nb0,70N0,76O0,M 

800 

12 

6-NbN 

6,48 

Nb0.69N0.75O0.2S 

800 

20 

6-NbN 

6,42 

Nb0.82N0,glO0.I9 

800 

625 

e-NbN 

7,27 

In  [1062,  1081]  the  solubility  of  mixtures  of  nitrogen  and 
oxygen  in  niobium  was  investigated.  Upon  dissolution  the  electrical 
resistance  of  niobium  increases  (by  4.1  yfi/cm  for  each  at.  %  of 
dissolved  gas);  the  specific  magnetic  susceptibility  decreases;  the 
microhardness  increases  (from  64  kg/mm  for  pure  niobium  to  525 
kg/mm  with  a  nitrogen  and  oxygen  content  of  4.5  at.  %)  where  the 
effect  of  the  dissolved  nitrogen  of  the  hardness  of  niobium  is 
greater  than  oxygen. 

Tantalum-oxygen-nitrogen  [546].  In  the  system  four  oxynitrides 
were  detected  with  the  compositions:  TaNg  10  (khe  struc1:ure 

is  similar  to  e-TaN,  a  =  10.34;  c  =  5.802  A;  c/a  =  0.561),  TaN-0,750-0,25 
(it  has  the  structure  of  the  6-phase  of  the  Ta-N  system,  the  lattice 
constant  is:  a  =  5.988;  c  =  2.879  c/a  =  0.481),  TaN-0.6sO-0.35 
(the  superlattice  is  of  the  type  of  that  for  the  5-TaN  phase,  the 
lattice  constant  is:  a  =  10.34,  c  =  2.864  A,  c/a  »  0.277)  and 
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TaN4o1&oChlM  .  (a  hexagonal  lattice  with  the  constants:  a  =  5.939; 
c  =  2.866  A;  c/a  *  0.483).  The  color  of  the  oxynitrides  varies  from 
black  for  TaN-o.r/Hio  £0  reddish  for  TaN-o,6oO'ol5o  .  The  interatomic  dis¬ 
tances  differ  comparatively  little  from  the  interatomic  distances  of 
TaN. 

Buslayev  [979]  from  tantalum  nitride-chloride  Ta^^Cl  produced 
tantalum  oxynitride  TaON,  the  individuality  of  which  was  confirmed 
by  an  investigation  of  its  infrared-spectrum.  This  substance  is 
stable  with  respect  to  inorganic  acids  and  alkalis;  it  is  decomposed 
by  a  mixture  of  hydrofluoric  and  sulfuric  acids.  In  an  inert  medium 
at  least  up  to  900°C  it  is  stable;  it  is  assumed  that  at  840°C  its 
polymorphic  transformation  occurs  with  packing  of  the  crystal 
lattice  and  a  change  in  its  color  from  red  to  green.  The  TaON 
in  both  variants  is  diamagnetic. 

The  existence  of  this  compound  was  confirmed  by  the  works 
[980,  986],  where  it  was  obtained,  by  acting  ammonia  with 
tantalum  pentoxide,  at  a  temperature  of  about  800°C.  This  com¬ 
pound  is  an  intermediate  product  of  the  nitridation  of  tantalum 
pentoxide  with  the  producing  finally  of  tantalum  nitride  Ta0Nc . 

J  J 

According  to  preliminary  data  the  crystal  structure  of  TaON  is 
analogous  to  the  structure  of  baddeleyite  (the  monoclinic  variant 
Zr02^  with  lattice  constants  of:  a  *  5.145;  b  =  5.207;  c  =  5.311; 

8  =  99.23°. 

Chromium-oxygen-nitrogen  [444].  By  acting  a  stream  of  ammonia 
and  hydrogen  on  chromium  hydroxide  or  an  oxalate  complex  of  chromium 
) 3 1  Cr*( C20j^)  f  3H20  at  600-1000°C  chromium  oxynitride  CrN  0  will 
be  formed,  where  0.8<x<0.9;0.1<y<0.2. 

Tungsten-oxygen-nitrogen  [919].  Tungsten  forms  oxynitrides  by 

interacting  with  ammonia  at  700° C,  the  composition  of  which  can 

be  described  by  the  general  formula  UNO,  with  x  £  y  ^  0.62. 

x  y  i— y 

Zlroonium-tantalum-oxy gen-nitrogen  [900].  The  existence  of  a 
quaternary  nitride  has  been  established  with  the  composition  ZrTaON, 
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having  a  hexagona.1  structure  with  constants  of:  a  =  3.64b;  c  = 

=  3.881  A,  c/a  =  1.065.  The  calculated  density  is  11.24  g/cm^. 

Thorium-oxygen-nitrogen  [968].  The  existence  in  this  system  of 
the  compound  Th2N20  is  indicated,  obtained  by  heating  of  pressed 
mixtures  3ThN  +  Th02  at  a  nitrogen  pressure  of  2  at.  at  a  temperature 
of  1700°C.  This  compound  crystallizes  into  a  rhombohedral  lattice 
witn  parameters  of:  a  =  9-398;  c  =  23.78  A  (the  parameters  of  the 

corresponding  hexagonal  lattice  are:  a  =  3.871;  c  =  27.385  A);  the 
density  is  10.55  g/cm-’. 

Uranium- carbon-oxygen-nitrogen  [949].  With  the  reduction  of 

U02  with  carbon  in  a  nitrogen  medium  due  to  the  solubility  of  oxygen 

in  the  carbonitride  uranium  oxycarbonitride  UN,  CO  will  be 

x-x— y  x  y 

formed  which  is  closer  to  a  chemical  individuum  than  to  a  solid 
solution.  The  solubility  02  in  the  carbonitride  depends  on  the 
carbon  concentration  and  the  partial  pressures  of  the  nitrogen  and 
the  carbon  monoxide.  By  thermodynamic  calculation  the  boundary  of  the 
region  of  homogeneity  of  the  oxycarbonitride  and  the  maximum  content 
of  oxygen  impurity  were  established;  the  result  of  the  calculation 
are  checked  experimentally.  For  example,  with  the  heating  of  the 
carbonitride  with  x  =  0.43  in  an  argon  medium  with  P.,  =  10~^  and 

-6  2 
Pco  =  3.5*10  at.  the  concentration  of  the  oxygen  impurity  corres¬ 
ponds  to  y  =  0.006.  Concerning  uranium  oxynitrides  see  [IO83]. 


Metal-Halogen-Nitrogen  Systems 


Barium-halogen-niurogen  [442].  The  existence  of  ternary 
compounds  in  the  Ba^Ng-BaClg,  Ba^N^BaBrp,  Ba^^-BaJj  systems  has 
been  established,  having  the  compositions  Ba2NCl,  Ba2NBr,  Ba^NJ^. 
Their  structure  has  not  been  clearly  established;  the  heats  of 
formation  are  respectively  equal  to:  44.4;  46.3;  53*5  kcal/mole. 
These  compounds  melt  congruently  at  respective  temperatures  of  965, 
918  and  8l0°C . 


Titanium  ( zirconium)-iodine  (chlorine,  bromine)-nitrogen. 
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the  Ti-J-N  [Translator’s  note:  the  letter  J  is  being  used  for 

iodine]  system  compound  TiJN  was  established  [914] ,  which  readily 

hydrolyzes  and  is  thermally  unstable  (it  is  the  least  stable  of  all 

the  examined  compounds).  Its  structure  is  of  the  type  EOj-;  its  space 
1 0  2 

group  is  D;;  (FeOCl);  they  are  described  in  greater  detail  below. 

In  the  zirconium-iodine-nitrogen  system  the  compound  ZrNJ 
will  be  formed,  having  the  appearance  of  elongated,  orange-colored 
leaflets  with  a  length  of  about  3*10“^  cm  and  a  width  of  0. 5*10“^ 
cm.  The  crystal  lattice  is  rhombic  of  the  EO^  type  (the  type  FeOCl) 
with  constants  of:  a  =  4.114;  b  -  3-724;  c  =  9.431  A;  the  number 

O 

of  formula  units  per  cell  is  2;  the  X-ray  density  is  5.34  g/cm  . 

It  is  stable  in  the  absence  of  moisture  [424],  The  structure  is 

the  typical  layer- like  with  the  order  of  layers  along  the  z  axis: 

NZrJ/JZrNNZr/JJZrN.  The  distance  between  both  J  layers  is  relatively 

great  (3.12  X),  and  between  the  N  layers  -  small  (0.43  X).  It  is 

assumed  that  the  nitrogen  occupies  an  intermediate  position  between, 

on  the  one  hand,  an  anion  of  the  layer-like  structure,  with  the 

2+ 

other  -  component  parts  of  the  grouping  (ZrNNZr)^. 

The  existence  of  the  connections  ZrNCl,  ZrNBr,  TiNCl  and  TiNBr 
has  also  been  established  [914],  which  forms  two  variants  each, 
where  all  the  a- variants  have  the  above  described  structural  type 
EO^;  a  great  part  of  these  compounds  has  low  chemical  and  thermal 
stability,  except  8-ZrNCl  and  8-ZrNBr,  which  are  distinguished  by 
comparatively  high  stability  in  a  chemical  regard  and  upon  being 
heated.  The  investigation  of  the  structure  of  these  two  compounds 
showed  [915]  that  they  have  a  hexagonal  layer-like  structure 
(layers  xZrNNZrx)  with  the  constants:  B-ZrNCl  a  =  2.08;  c  =  9.23; 

B- ZrNBr  a  =  2.10;  c  =  9-75  X. 

6.  Metal-Silicon-Nitrogen  Systems 

t 

Lithium-silicon  (germanium,  titanium)-nitrogen  [425].  By 
heating  mixtures  of  binary  nitrides  at  a  temperature  of  850-1300°C 
in  a  metallic  bomb  under  conditions,  excluding  the  admission  of 
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moisture  and  oxygen  (in  a  nitrogen  or  ammonia  medium,  accelerating 
the  rormation  reaction  or  ternary  nitrides),  the  nitrides  Li^SiN^. 
Lij-TiN^  and  Li^GeN^  were  observed.  All  these  nitrides  have  a  cubic 
structure  witn  constants  of  lattice  respectively  of  9.44;  9.70; 

9.6l  A  (the  space  group  is  La3).  The  nitrides  have  a  bright  color, 
they  hydrolyze  readily;  they  dissolve  in  dilute  acids;  they  are 
thermally  stable  (LirSiN^  metals  above  1300°C). 

Beryllium-silicon" nitrogen  [907].  With  the  sintering  in  an 
ammonia  medium  of  mixtures  of  Be^Np  and  Si  N^,  taken  in  stoichiometric 
ratios,  at  1750-]800°C  in  crucibles  of  boron  nitride  a  compound  of 
the  composition  BeSiNp  will  be  formed  which  is  reminiscent  of 
aluminum  nitride.  It  has  a  hexagonal  structure  with  lattice  constants 
of:  a  =  2.87;  c  =  4.67  A;  c/a  =  1.62;  the  X-ray  density  is  3.24; 
the  pycnometric  density  is  3.12  g/cnr. 

A  subsequent  investigation  of  the  producing  conditions  and 
the  properties  of  the  compound  BeSiNp  was  carried  out  in  [1035], 
where  the  producing  conditions,  established  by  Rabenau  and  Eckerlin 
in  [907]  the  above-indicated  lattice  constants  were  confirmed.  It 
was  demonstrated  thtt  samples  BeSiNp  are  stable  when  heated  in  air 
to  900°C;  at  1000°C  oxidation  is  intensified,  and  rate  of  the 
oxidation  decreases  w^h  time.  The  end  product  of  oxidation  is  the 
silicate  Be^SiO^  (phenacite).  The  compound  is  thermally  stable 
when  heated  to  2000°C;  at  higher  temperatures  it  decomposes  (in  a 
nitrogen-hydrogen  mixture  medium);  it  is  also  assumed  that  at 
1950°C  it  sublimates  without  decomposing. 

Magnesium-s ill con- nitrogen  [1043].  In  this  system  the  compound 
MgSiNp  will  be  formed,  produced  by  the  joint  heating  of  magnesium 
and  silicon  nitrides  at  1200°C  in  a  nitrogen  medium.  The  ternary 
nitride  is  nonhygroscopic ;  it  is  insoluble  in  alkalis  in  the  cold, 
and  also  in  dilute  and  concentrated  mineral  acids;  it  slowly  reacts 
only  with  403  HP  and  with  heated  alkaline  solutions.  In  the 
presence  of  oxygen  at  1250°C  it  oxidizes  completely,  being  converted 
into  magnesium  metasilicate. 
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Calclum-sllicon-nltrogen  [938].  In  this  system  the  existence 
of  three  compounds  has  been  detected:  CaSiN2  (phase  I),  Ca^Si2Ng 
(phase  II)  and  Ca^SiN^  (phase  III),  produced  by  interacting  Ca^Ng 
and  Si^N^,  or  the  complex  nitride  (phase  II)  with  calcium  or 
silicon  nitrides 

5CasN,  +  2Si3Nt  =  3Gi,SUN.  (  at~  G00‘Q, 

CajSi.N,  +  SisN*  =  5CaSiN2  (  aW  800°Q, 

Ca4Si2N4  +  C3jN,  «.  2CatSiN*  (at  ~S00cC). 

Phase  II  can  also  be  formed  by  interacting  phases  I  and  III 
at  a  temperature  of  ll80°C  for  24  h 

OSiNj  4*  Ca*SiNi  —  C3,Si,N4, 
i.e.,  it  is  the  stablest. 

In  work  [983]  a  tentative  phase  diagram  of  the  Ca^^-Si^N^ 
system  was  plotted  showing  region  of  the  location  of  the  three 
indicated  phases,  and  also  of  the  solid  solution  of  Si^N^  in  Ca^Nj. 
The  solubility  of  silicon  nitride  in  calcium  nitride  at  a  tempera¬ 
ture  of  1050°C  is  1.12  molar  $. 

Transition  metal-s Hi con-nitrogen  [314,  928,  929].  Upon 

interacting  a  sample,  containing  62$  Ti  and  35$  Si,  with  nitrogen 

TiN  will  be  formed.  No  other  phases  in  tne  Ti-Si-N  system  have 

been  detected.  In  the  Zr-Si-N  system  upon  heating  zirconium  with 

Si^N^  in  a  crucible  of  Zr02  in  the  presence  of  nitrogen  at  a 

temperature  of  l800°C  there  appears  along  with  elementary  silicon 

a  hexagonal  phase  of  indefinite  composition  with  constants  of: 

a  =  7 . 60 3 ;  c  =  2.906  %,  which,  obviously,  is  a  ternary  compound  of 

zirconium  with  silicon  and  nitrogen.  In  investigatin  the  'Ta-Si-N 

system  samples  were  prepared  by  sintering  mixtures  of  Si^N^  with 

Ta2N  or  TaSi2.  The  heating  of  these  samples  1327°C  showed  that 

TaSi2  is  unstable  in  the  presence  of  nitrogen  and  interacts  with 

it,  forming  the  ternary  phase  Taq  Si-  N  .  The  Ta-N  is  in 

j~y  z  d 

equilibrium  with  this  ternary  phase  and,  probably,  TaN  also. 
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According  to  the  results  of  an  X-ray  analysis  a  preliminary  diagram 

of  the  system  (Pig.  148)  was  plotted.  The  Nb-Si-N  system  was  plotted 

analogously;  the  ternary  compound  Nb-  Si-  N  forms  in  it.  Both 

y—x  j—y  z 

have  broad  regions  of  homogeneity. 
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Pig.  148.  Phases  of  the  ternary 
Ta-Si-N  system. 


In  the  cerium-silicon-nitrogen  system  ternary  compounds  were 
not  detected. 

Iron-silicon-nitrogen.  The  effect  of  small  quantities  of  silicon 
on  the  solubility  of  nitrogen  In  a-  and  y-iron  can  be  expressed  by 
the  equation  lg  Sx/SQ  =  -Ax,  where  Sx  and  Sq  is  the  solubility 
respectively  in  iron-silicon  alloy  and  In  pure  iron,  x  is  atomic 
content  of  silicon.  Value  A  decreases  with  an  increase  in  temperature 
and  is  greater  for  the  a-phase  than  for  the  y-phase  [944].  In  work 
[945]  it  was  established  that  upon  alloying  alloys  of  the  Pe-Si 
system  with  nitrogen  the  silicon  nitride  Si^N^  will  be  formed. 

Silicon  lowers  the  solubility  of  nitrogen  both  in  a-  and  also  in 
Y-iron. 


7.  Nonmetal-Nonmetal-Nitrogen  Systems 

The  silicon-carbon-nitrogen  system  is  one  of  the  most  completely 
studied  systems  [8?3>  874,  876,  931,  1036],  in  which  in  spite  of 
voluminous  research,  it  was  not  possible  to  detect  ternary  nitrides: 
the  alloys  of  this  system  consist  of  silicon  nitride  and  silicon 
carbide . 
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In  the  aluminum-boron-nitrogen  system  the  existence  of  a 
ternary  compound  is  assumed  [884,  932].  An  investigation  of  alloys, 
produced  by  the  nitridation  of  mixtures  of  AIN  +  B  and  BN  +  A1  (at 
temperatures  respectively  of  l600-2000°C  and  1200-l400°C  it  was 
demonstrated  that  along  with  the  phases  which  are  the  original 
components  or  products  of  their  nitridation  a  phase  of  high 

p 

hardness  appears  (of  the  order  of  5000  kg/mm  ),  and  the  materials 
themselves  -  the  products  of  nitridation  -  have  a  high  electrical 
resistance. 

In  work  [898]  a  refractory  material  of  the  boron-carb on-nitrogen 
system  was  described,  consisting  of  80%  boron  nitride  and  20% 
boron  carbide  and  obtained  by  the  hot  pressing  of  mixtures  of  these 
components.  Subsequently,  in  work  [771]  the  production  of  analogous 
materials  was  proposed  by  nitridation  boron  carbide,  and  it  was 
established  that  they  fundamentally  differ  in  properties  from 
mechanical  mixtures  of  boron  nitride  and  boron  carbide.  In  connec¬ 
tion  with  this  the  assumption  was  made  that  in  this  a  ternary  com¬ 
pound  will  be  formed,  close  in  structure  to  hexagonal  boron  nitride, 

but  in  contrast  to.it  having  an  increased  statistical  weight  of 
■3 

sp  -configurations  of  boron,  carbon  and  nitrogen  atoms  which  gives  to 
it  increases  properties  (high  stability  in  a  vacuum,  dielectric 
properties  at  high  temperatures,  chemical  stability).  It  is 
assumed  that  at  high  pressures  and  increased  temperatures  this 
compound  should  acquire  a  diamond-like  structure,  analogous  to  boron 
nitride  and  graphite. 

In  work  [974],  dedicated  to  the  investigation  of  the  conditions 
for  preparing  of  articles  of  boron  carbide,  in  particular,  the 
lubricating  action  of  additives  of  boron  nitride  to  powdered  boron 
carbide  during  hot  pressing  was  investigated.  It  was  demonstrated 
that  the  greatest  density  is  obtained  by  the  hot  pressing  of 
equimolar  mixtures  (B^C:BN  =  1:1)  and  reaches  97%.  It  is  possible 
to  assume  that  this  is  connected  with  the  formation  in  this  composi¬ 
tion  in  the  process  of  hot  pressing  of  a  considerable  quantity  of 
the  above-indicated  ternary  compound. 


Sul  fur- fluorine-  nitrogen  [926]=  In  the  system!  the  compound 
s4P4n4  was  detected  with  a  melting  point  of  153°C  (it  decomposes  upon 
smelting);  its  density  is  2.326  g/cm^;  its  dielectric  constant  is 
e  =  2.257;  its  dipole  moment  is  y  =  0.  It  crystallizes  in  a  hexagonal 

h 

system;  its  space  group  is  D2d*  ifcs  lattice  constant  is:  a  =  9.2; 
c  =  4.3  A.  It  is  hydrolyzed  in  a  warm  dilute  NaOH  solution.  The 
gaseous  compound  SF^I^  is  also  konwn  with  a  melting  point  of  108°C, 
a  boiling  point  of  -  11°C,  a  density  of  1.57  g/cm2. 

Sulfur-oxygen-nitrogen  [927].  Upon  reacting  with  a 

mixture  of  S02  and  S0Ci2  a  solid  phase  of  yellow-colored  will 

be  formed. 
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CHAPTER  X 

NITRIDE  COATINGS 

Many  nitrides,  simultaneously  possessing  high  hardness  and  wear 
resistance,  are  finding  broad  application  for  the  creation  of  protec¬ 
tive  coatings  on  metals,  alloys,  nonmetallic  substances,  graphite. 

Especially  broadly  developed  is  the  nitridation  of  steels,  as 
one  of  the  basic  directions  in  chemical-heat  treating  [74l,  742]. 
Nitridation  steels  possess  high  surface  hardness,  increased  fatigue- 
limit,  corrosional  and  cavitational  stability,  and  also  high  wear 
resistance.  Even  more  widespread  is  the  simultaneous  saturation 
of  a  steel  surface  with  carbon  and  nitrogen  from  a  gaseous  medium 
(carbonitriding)  and  from  molten  cyanogen  baths  (cyaniding). 

These  increased  properties  are  possessed  by  nitrided  and  carbc- 
nitrided  steels  thanks  to  the  presence  in  the  surface  layer  of 
nitrogen  in  the  form  of  nitrides  or  carbonitrides .  Important  also 
is  the  increase  in  the  resistance  of  steels  during  welding  in 
nitrogen  to  intercrystalline  corrosion  [ 761 ] ,  and  the  increase  in 
their  fatigue  and  corrosion-fatigue  strength  [955]. 

The  problem  of  nitridation,  cyaniding,  carbonitriding  steels 
is  covered  by  extensive  literature,  a  survey  of  which  is  given  in 
the  above-indicated  and  other  monographs  on  the  chemical-heat 
treating  of  steels  (for  example,  [743,  744,  1032]). 


The  njtridation  of  iron  with  the  corresponding  investigation 
of  the  mechanism  and  the  kinetics  of  the  formation  of  the  diffusion 
layer  and  phase  transformations  is  covered  by  a  large  series  of  works, 
carried  out  under  the  general  leadership  of  V.  G.  Permyakov,  for 
example,  the  important  work  [973]* 

In  this  work  we  will  dwell  only  on  questions  of  creating  coatings 
of  the  nitride  type  on  refractory  metals  and  alloys  [7^5,  7^7]. 

The  formation  by  nitridation  of  simple  or  complex  solid  solutions 
of  nitrogen  or  chemical  compounds  -  of  nitrides  is  possible ,  usually 
ensuring  the  highest  properties  of  the  coatings. 

The  nitridation  of  titanium  with  nitrogen  and  ammonia  leads 
with  the  use  of  ammonia  to  diffusion  layers  of  great  depths  and  to 
their  greater  hardness,  however  the  simultaneously  occurring  diffusion 
of  hydrogen  causes  their  increased  fragility  [7^8],  obviously, 
caused  by  the  increase  in  the  rigidity  of  the  bonds  by  the  introduction 
of  hydrogen  into  the  vacancies  of  the  nitride  lattice  and  the 
formation  as  a  result  of  hydi _de-nitride  phases,  which  was  mentioned 
in  Chapter  II. 

Although  hydrogen  can  to  a  considerable  degree  be  removed  by 
vacuum  treating,  nevertheless  the  nitridation  method  with  the  use 
of  ammonia  is  technologically  and  economically  inexpedient. 

The  thickness  and  the  properties  of  the  layers  on  the  titanium 
after  the  nitridation  in  u  nitrogen  medium  are  given,  according  to 
[748],  in  Table  113- 

When  nitridation  with  ammonia  in  the  same  temperature  range 

p 

elongation  drops  to  2%,  and  resilience  to  0.3-0. 5  cm  .  As  can  be 
seen  from  the  given  data,  the  depth  of  the  layer  does  not  obey  the 
parabolic  law  of  increase  with  nitridation  time.  Analogous  results 
were  obtained  by  A.  N.  Minkevich  with  his  colleagues  [7^9],  who 
nitrited  pure  titanium  and  titanium  alloyed  with  chromium  and 
tungsten  in  ammonia  at  temperatures  of  850-1050°C.  It  was  discovered 


that  with  small  expenditures  of  ammonia  the  layer  in  certain  cases 
is  deeper  than  with  large  expenditures  ,  and  with  an  increase  in 
temperature  the  optimum  expenditure  of  ammonia,  necessary  for  the 
production  of  a  layer  of  maximum  depth,  is  increased.  The  layer 
of  depth  varied  not  according  to  a  curve,  close  to  a  parabola,  but 
according  to  a  curve  with  a  maximum.  An  X-ray  investigation  of  the 
layer  showed  that  at  the  nitridation  temperature  1050°C  the  layer 
is  a  solid  solution  of  titanium  nitride  and  hydride  (and  TiO  -  with 
the  use  of  insufficiently  oxygen-purified  ammonia).  At  a  tempera¬ 
ture  of  950°C  only  a  solid  solution  of  nitrogen  and  hydrogen  in 
the  titanium  was  detected.  The  nitridation  of  titanium  in  ammonia 
increases  its  wear  resistance  by  tens  of  times,  however  it  lowers 
the  strength  and  plasticity,  especially  if  process  is  carried  out  at 
high  temperatures  and  with  protracted  exposures. 


Table  113.  The  effect  of  the  parameters  of  the  diffusion  treating 
of  titanium  with  nitrogen  on  the  properties  of  the  nitrited  samples. 


Temperature , 

°C 

Time ,  h 

<D 

a?  . 

H 

4h 

O 

si 

•p 

a. 

<1) 

a  a 

Hardness  at 
the  surface  H.r_ 

2  v 

kg/ mm 

Hardness  at  a 
depth  of  100 

Hv,  kg/mm2 

Proportional 
limit  kg/mm2 

Ultimate  ten¬ 
sile  strength 

kg/mm 2 

Elongation,  % 

Resilience , 
kg/mm2 

8 

25 

1132 

250 

29.0 

37.8 

36.5 

22.8 

16 

42 

1206 

360 

26.0 

36.4 

45 

27.6 

(  uu 

24 

33 

1332 

285 

23.5 

37.3 

45 

26.0 

48 

35 

1246 

445 

27.0 

36.6 

48.5 

25.4 

8 

13 

1003 

205 

26.0 

36.7 

43.0 

25.1 

ftnn 

16 

40 

1333 

325 

26.4 

36.4 

45.0 

21.1 

QUU 

24 

25 

1520 

280 

24.5 

39.5 

4p .  0 

26 . 8 

48 

44 

1426 

360 

26.0 

37.4 

39-5 

23.5 

8 

53 

1500 

375 

36.0 

41.7 

36.5 

17.] 

onn 

16 

61 

1500 

470 

22.5 

46.7 

25.0 

11.0 

24 

76 

1500 

500 

39-0 

47.7 

30.0 

10.6 

48 

31 

1500 

390 

43.5 

48.1 

43.5 

9.0 

The  alloying  of  titanium  with  tungsten  leads  to  a  sharp  decrease 
in  the  depth  of  the  nitrited  layer.  The  titanium  alloy  with  5/;  r 
after  nitridation  reveals  an  increase  in  the  wear  resistance  of 
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40-170  times  (depending  upon  the  conditions  of  saturation)  as 

compared  to  non-nitrided  industrial  titanium.  Inasmuch  as  nitridation 

in  ammonia  inevitably  leads  to  considerable  embrittlement  of  the 

articles,  works  were  conducted  on  nitriding  titanium  in  a  mixture 

of  argon  with  nitrogen  [750-752].  With  rarefaction  the  diffusion 

of  nitrogen  into  titanium  is  accelerated  which  is  due  to  the  slower 

formation  of  the  thin  surface  layer  of  TiN,  inhibiting  subsequent 

nitridation  [752].  Nitridation  in  a  medium  with  a  proportional  amount 

of  nitrogen  is  connected  with  the  difficulty  of  introducing  a  small 

amount  of  nitrogen,  which  it  is  necessary  to  add  to  the  argon.  The 

optimum  content  of  nitrogen  in  the  argon  at  800°C  is  1%  [752]. 

The  nitridation  of  titanium  in  a  mixture  of  argon  and  nitrogen,  which 

have  first  been  subjected  to  thorough  purification,  is  described  in 

work  [751].  An  X-ray  investigation  of  nitrited  samples,  carried  out 

in  this  work,  shows  that  the  surface  layer  with  a  nitrogen  content 

in  the  mixture  with  argon  of  more  than  0.5%  consists  of  TiN  and  TiN  , 

X 

where  x  <  1. 

A  crust  consisting  of  nitrides  prevents  the  diffusion  of  nitrogen 
into  the  depth  of  the  metal,  and  thereby  the  thickness  of  the  overall 
saturation  of  the  surface  layer  with  nitrogen  is  decreased.  A 
decrease  in  the  nitrogen  concentration  of  up  to  0.5 %  and  less  leads 
to  the  formation  on  the  surface  of  a  solid  solution  of  nitrogen  in  Ti 
with  inclusions  of  TiN  and  to  the  gradual  transition  to  a  pure  solid 
solution  of  nitrogen  in  Ti.  At  a  partial  nitrogen  pressure  of  0.005- 
0.04  at  and  upon  nitriding  for  20  h  at  a  temperature  of  850°C  it 
is  possible  to  obtain  a  surface  layer  without  the  formation  of 
titanium  nitride.  With  greater  exposure  times,  temperatures  and 
partial  pressures  of  nitrogen  mixed  with  argon  on  the  titanium 
there  is  always  formed  a  thin  layer  of  titanium  nitride.  The  alloying 
with  aluminum  accelerates  the  diffusion  of  nitrogen  Into  the 
titanium,  increasing  the  depth  of  the  diffusion  layer,  and  manganese, 
tin,  and  especially  silicon  act  in  the  opposite  direction  (Table 
114) . 
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Table  114.  The  effect  of  alloying  of  titanium  on  the  depth  of 
diffusion  of  nitrogen,  the  increase  in  weight  of  the  samples  of  the 
microhardness  distribution  at  850°C. 


Alloying 

element 

Content 
cf  the 
alloying 
element , 

% 

The 

presence 
of  a 
nitride 
layer 
( accord¬ 
ing  to 
micro¬ 
hardness 
and  color) 

Micro¬ 

hardness 

kg/mm2, 
at  a 

depth  of 
0.01  mm 
with  a 
load  of 

100  g 

Layer 
depth , 
u 

Increase 
in  weight 
of  samples, 

2 

mg/cm  of 
surface 

Exposure, 

h 

1.74 

No 

824 

50 

0.92 

4 

3.00 

II 

1000 

56 

0.95 

4 

Alum:!  pum 

3-75 

II 

1000 

50 

0.85 

4 

5.00 

II 

1100 

48 

0.73 

4 

5.00 

Yes 

1200 

120 

- 

24 

1.35 

No 

824 

27 

0.72 

4 

2.45 

II 

1000 

- 

0.71 

4 

Manganese 

3.76 

W 

1100 

28 

0.70 

4 

6.54 

Yes 

1200 

25 

0.70 

4 

6.54 

- 

1500 

68 

- 

24 

0 . 66 

No 

1100 

20 

0.52 

4 

Silicon 

1.62 

II 

1100 

18 

0.46 

4 

1.62  . 

Yes 

1200 

6? 

- 

24 

0.86 

No 

824 

28 

0.53 

4 

Tin 

1.58 

II 

824 

24 

0.74 

4 

1 . 58 

Yes 

1100 

83 

- 

24 

Titanium 

— 

No 

824 

25 

0.82 

4 

iodide 

- 

Yes 

1200 

90 

1.05 

24 

The  process  of  titanium  nitridation  in  a  stream  of  pure  nitrogen 
at  a  temperature  of  700-1050°C  for  a  period  of  up  to  10  h  was  studied 
in  [753] •  It  was  discovered  that  a  noticeable  increase  in  weight 
began  at  800°C  and  followed  the  parabolic  law  up  to  1000°C.  It 
was  established  by  the  electron  diffraction  method  that  after 
nitriding  at  800° C  and  higher  the  nitride  TiH  will  be  formed  in 
the  surface  layer.  An  increase  in  hardness  was  slightly  noticeable 
at  800°C,  however  at  a  temperature  of  more  than  900° C  the  thickness 
and  the  hardness  of  the  layer  increases  progressively  with  the  time 
of  nitridation. 
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Opinions  about  the  benefit  of  nitriding  at  low  partial  nitrogen 
pressures  and  nitriding  with  pure  nitrogen  differ  which  is  due  to 
the  various  problems  in  nitriding.  In  certain  cases  it  is  necessary 
to  ensure  a  nitridation  layer  of  great  depth,  not  bringing  it  to  the 
state  of  a  nitride,  in  others  -  to  preserve  the  properties  of  the 
basic  mass  of  the  titanium  component,  increasing  only  its  surface 
wear,  corrosion  resistance  and  hardness.  The  latter  cases,  as  a 
rule,  predominate  [754-756]. 

The  authors  [754]  nitrided  titanium  at  850°C  for  16-80  h  for 
the  purpose  of  increasing  its'  wear  resistance,  corrosion  resistance 
and  mechanical  properties.  Nitrited  titanium  worked  satisfactorily 
without  lubricating  paired  with  cast  pig  iron,  hard  chromium  coatings 
and  non-nltrided  titanium.  When  working  with  lubrication  good 
results  were  obtained  paired  with  bronze,  carbon  and  low-alloy 
steel,  bakelite,  chrome-plated  surfaces.  Nitrided  titanium  showed 
high  corrosion  resistance  in  heated  hydrochloric,  sulfuric, 
phosphoric,  nitric,  hydrofluoric  and  other  acids.  Nitridation 
does  not  substantially  effect  the  mechanical  properties  of  titanium. 

In  work  [755]  samples  of  commercial  titanium  and  heat-resistant 
titanium  alloy  with  6 %  Al  and  4$  V  were  subjected  to  nitridation  in 
purified  nitrogen  at  980°C  for  4-168  h.  On  commercial  titanium 
the  nitrided  layer  was  considerably  thicker  than  on  the  alloy  of 
titanium  with  aluminum  and  vanadium,  and  its  hardness  attained 
1650  Hy.  It  was  noted  that  the  values  of  the  resilience  of  nitrided 
and  non-nitrided  titanium  almost  did  not  differ,  when  for  the  alloy 
they  were  considerably  lower.  This  is  connected  with  the  presence 
in  the  nitrided  alloy  of  nitrided  grains,  located  at  an  angle  of 
45°  to  the  surface  and  widespread  to  a  great  depth.  Being,  apparently, 
concentrates  of  stresses,  they  caused  a  considerable  fall  in 
resilience.  A  variation  in  the  thickness  of  the  nitrided  layer 
on  commercial  titanium  occurred  with  time  like  a  parabola;  the 
thick  -°s  was  after  168  h  of  nitridation  0.2  mm. 
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An  investigation  of  the  process  of  nitriding  titanium  and  its 
alloys  in  pure  nitrogen  was  also  conducted  in  work  [756].  The 
optimum  nitriding  conditions  were  saturation  at  a  temperature  of 
950°C  for  2 4—30  h  and  a  nitrogen  feed  rate  of  0.12-0.15  1/ min.  At 
lower  temperatures  the  diffusion  of  nitrogen  occurs  slowly,  at  higher- 
temperatures  the  fragility  of  the  layer  and  the  metal  itself  increases 
intensely.  Under  the  indicated  optimum  conditions  of  nitridation 
a  layer  with  a  depth  of  80  p  with  a  surface  hardness  of  =  780-850 
kg/mm2  increases  on  the  samples  of  forged  VT1  titanium.  The  nitrided 
layer  consisted  of  several  zones.  On  the  surface  a  golden  TiN 
film  with  a  thickness  of  tenths  of  micron  was  formed  above  it  a  zone 
with  a  thickness  of  8-10  p  with  a  nitrogen  content  of  10-12#  was 
disposed,  which  consisted,  apparently,  of  titanium  nitride  in  the 
lower  region  of  its  homogeneity.  After  the  nitride  zone  the  greatest 
zone  followed  with  a  depth  (60-80  p)  with  a  gradually  diminishing 

p 

microhardness  (from  1300  to  700  kg/mm  )  with  a  content  of  from  4 
to  1.5#  N.  This  zone  is  a-Ti  with  an  increase  in  the  lattice 
parameter.  An  investigation  of  the  mechanical  properties  of  the 
nitrided  samples,  which  had  been  subjected  to  a  different  additional 
treatment,  showed  (Table  115)  that  annealing  in  a  vacuum  at  800°C 
decreases  the  fragility  of  the  layer  and  increases  the  characteristics 
of  plasticity  by  10-15#.  In  work  [75b]  it  is  assumed  that  the  main 
cause  of  the  decrease  (by  25-30#)  in  the  plasticity  of  the  titanium 
after  nitridation  is  the  increase  in  the  grain  as  a  result  of  prolonged 
high-temperature  heating.  Another  cause  of  the  reduction  in  plasticity 
is  the  deep  penetration  of  the  nitrogen  into  the  titanium  (with  an 
increase  in  the  depth  of  the  photographed  layer  the  plasticity  of 
the  titanium  increases). 

An  investigation  of  the  effect  of  alloying  titanium  with  various 
elements  showed  that  2-2.5#  Al,  up  to  2#  Si  and  1.5#  Mn  cause  an 
increase  in  the  depth  of  the  nitrided  layer.  With  a  greater  content 
of  these  elements  the  depth  of  the  layer  decreases.  Chromium  and 
iron  reduce  the  depth  of  the  nitrided  layer  independently  of  their 
content  in  the  alloy.  In  this  work  the  nitridation  of  certain  ternary 
alloys  of  titanium  was  tested;  it  was  established  that  alloys  of  grades 
VT2,  VT3,  VT5,  and  VT6  nitride  more  poorly  than  alloy  VT1. 
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Table  115.  The  effect  of  nitridation  and  additional  treat¬ 
ment  after  nitridation  on  the  mechanical  properties  of  the 
samples  of  VT1  alloy. 


Treatment 

a 

8  2 
kg/mm 

6,  % 

<*,  % 

ak’  2 

kgm/cm 

Original  alloy,  annealed  in 
a  vacuum  at  800°C,  2  h 

45.1 

33.1 

65.2 

14.8 

Nitridation,  950°C,  30  h 
(the  nitrided  layer  was 
not  photographed) 

55-5 

15.1 

39.2 

5-3 

The  same  (the  layer  was 
photographed  at  a  depth 
of  0.5  mm ) 

51.0 

20.1 

53.9 

7.6 

The  same  (the  layer  was 
photographed  at  a  depth 
of  1  mm) 

48.2 

23.2 

54.2 

9-7 

The  same  (the  layer  was 
photographed  at  a  depth 
of  1.5  mm ) 

| 

12.0 

Nitridation  at  950°C, 

3  h  +  annealing  in  a 
vacuum  at  800° C,  2  h, 
the  nressure  is 

3•10''^,  mm  Hg  (the 
nitrided  layer  was  not 
photographed) 

54.2 

19-4 

35.0 

10.6 

According  to  [1064],  with  the  nitridation  of  titanium,  alloyed 
with  Al,  Cu  and  Sn,  two  nitrides  are  detected  in  the  nitrided  layer 
the  external  layer  consists  of  the  fine-grained  nitride  TiN,  and 
the  following  -  of  the  lower  nitride  of  the  composition 
Ti £  10_2  35w>  forming  a  coarse-grained  structure.  The  formation  of 
these  two  layers  was  detected,  in  particular,  upon  the  nitridation 
of  the  YT5  alloy  for  30  h  at  960°C  in  a  stream  of  purified  nitrogen. 

Advantages  of  nitriding  with  the  use  of  the  heating  of  the 
articles  with  the  streams  of  high  frequency  are  shown  in  [757]. 

Upon  nitridation  VT4  and  VT6  in  this  way  (at  a  nitrogen  pressure 
in  the  chamber  of  40-50  mm  Hg),  a  temperature  of  1100°C  for  20  min 
a  layer  was  obtained  with  a  thickness  of  30  u  with  a  microhardness 


Best  Available  Copy 


452 


of  2000  kg/mm2.  Abrasion  testing  paired  with  tempered  U12A  steel 
under  conditions  of  dry  friction  practically  did  rot  show  a  change 
(wear)  in  the  nitrided  samples.  The  heat  resistance  of  the 
nitrided  samples  in  air  at  1000°C  was  four  times  higher  than  the 
heat  resistance  of  non-nitrided  samples. 

The  advantages  of  induction  heating  with  streams  of  high  frequency 
during  nitridation  consist  in  the  acceleration  of  the  formation  of 
the  diffusion  layer  and  in  the  possibility  of  increasing  the  tempera¬ 
ture  of  only  the  surface  layer,  not  affecting  the  basic  mass  of  the 
metal,  the  optimum  structures  and  the  properties  of  which  were 
established  by  the  preliminary  treatment  [760]. 

The  nitridation  of  titanium,  apparently,  most  substantially 
fixes  the  surface  properties  of  the  articles  in  a  technical  regard, 
having  a  number  of  advantages  over  carburizing  by  various  methods 
[758]. 

In  work  [2373  the  method  of  applying  titanium  nitride,  in 
particular,  to  a  molybdenum  su  ace  by  the  gas  transport  method 
was  described,  based  on  the  de:  - mposition  of  titanium  nitride  by 
HC1  vapors 

TiN  +-  4HC1  =  TiCW*,,  (-  0,5  N„ 

with  the  subsequent  transfer  of  titanium  chloride  to  molybdenum  and 
its  transformation  to  a  nitride  due  to  its  reaction  with  a  nitrogen- 
hydrogen  mixture  and  its  deposition  on  the  molybdenum.  Thin  layers 
of  the  nitride  hold  firmly  to  the  molybdenum,  thick  layers  -  crack. 

Along  with  the  method  of  gas  transport  reactions  for  nitriding 
various  electromethods  are  beginning  to  be  employed  of  which  it  is 
necessary  to  mention  ionic  nitriding,  consisting  in  the  excitation 
of  the  glow  discharge  in  a  vacuum,  containing  nitrogen  atoms  and 
ions  betv'een  he  cathode  (component)  and  the  anode.  Then  a  stream 
of  ions  of  nitrogen  is  directed  toward  the  surface  of  the  component; 
they  accomplish  nitridation  rapidly,  furthermore,  heating  the  surface 
as  a  result  of  collisions  against  the  cathode  [7593. 

' 
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Nitridation  is  substantially  intensified  with  the  use  of 
ultrasonics  [762], 

An  investigation  of  reaction  diffusion  in  metal-complex  gas 
systems  is  covered  by  the  work  of  the  school  of  V.  I.  Arkharov 
[763-765].  V.  I.  Konev  [763]  investigated  the  structure  and  the 
properties  of  carbonitrided  coatings  on  chromium.  The  samples  after 
being  chromium-plated  were  treated  in  a  mixture  of  gasoline  with 
nitrogen  at  a  temperature  of  700-1100°C.  An  X-ray  analysis  and  a 
metallographic  investigation  of  the  coating  showed  that  its  external 
layer  consists  of  Cr^C^,  the  middle  layer  -  of  Cr^C^,  and  the  internal 
layer,  adjacent  to  the  metallic  core,  -  of  Cr^N.  If  the  chrome  layer 
had  a  textured  building,  then  the  layer,  consisting  of  chromium 
nitride,  also  possessed  a  texture,  obeying  the.  principle  of 
orientational  structural-dimensional  correspondence.  As  follows 
from  Fig.  149,  reaction  diffusion  in  the  Cr-N,  Cr-C,  Cr-C-N  systems 
obeys  the  parabolic  law,  where  the  diffusion  mobility  of  the  nitrogen 
atoms  is  much  higher  than  the  carbon  atoms  [1111]. 

Tests  for  acid  and  wear  resistance  showed  that  carbonitrided 
coatings  on  chromium  are  not  inferior  in  properties  to  carburized 
coatings.  Identical  results  were  alsc  given  by  a  test  of  these 
coatings  for  resistance  o  oxidation  which  is  explained  by  the  fact 
that  in  both  cases  the  upper  layer  of  the  coating  consists  of  chromium 
carbides.  A  carbonitrided  layer  will  be  formed  as  a  result  of  the 
diffusion  of  nitrogen  and  carbon  atoms  through  corresponding  layers 
of  chromium  carbides  and  chromium  nitride;  a  noticeable  counter 
diffusion  of  chromium  atoms  was  not  observed.  The  reaction  front  of 
nitrogen  with  chromium  is  on  the  interphase  boundary  of  Cr-C^N,  and 
carbon  with  chromium  -  on  the  boundary  Cr^N-Cr^C^.  The  clear  boundary 
between  CrpN  and  Cr^C^  indicates  the  limited  solubility  of  these 
phases . 

In  work  [334  ]  the  conditions  of  applying  nitride  coatings  on 
chromium  in  the  temperature  interval  of  1000-1300°C  were  also 
investigated . 
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Fig.  149.  Fig.  150. 

F.-fg.  149.  Dependence  of  the  increase  in  weight 
of  the  samples  of  chromium  at  1100° C,  on  the 
duration  of  the  carburizing  processes  (1), 
carbonitriding  (2)  and  nitridalion  (3). 

Fig.  150.  The  dependence  of  the  increase  in 
weight  of  the  Mo  samples  in  an  ammonia 
medium  on  time  at  temperatures  of:  1-700; 

2  -  750;  3  -  820;  4  -  880;  5  -  900;  6  -  940; 

7  -  1000;  8  -  1050;  9  -  1120°C. 

The  nitridation,  carburizing  and  carbonitriding  of  molybdenum 
were  investigated  [764].  Saturation  with  nitrogen  was  carried  out 
in  medium  of  ammonia  and  molecular  nitrogen  at  temperatures 
respectively  of  700-1150°  and  800-1200°C,  where  in  the  second  case 
the  interaction  of  molybdenum  with  nitrogen  at  atmospheric  pressure 
was  not  detected.  In  an  ammonia  medium  the  saturation  of  molybdenum 
with  nitrogen  obeys  the  parabolic  law  in  the  whole  temperature  range 
(Fig.  150).  Up  to  a  temperature  of  940°C  two  layers  will  be  formed 
on  the  molybdenum  surface;  the  external  MoN  and  the  internal  Mo2N. 

At  a  temperature  above  940°C  only  the  phase  Mo2N  is  stable,  at  a 
temperature  above  1150°C  it  also  vanishes.  The  joint  saturation 
of  the  molybdenum  surface  with  nitrogen  and  carbon  was  carried  as 
well  as  of  chromium  in  [763],  only  the  nitrogen  was  replaced  by 
ammonia.  The  formation  of  a  diffusion  layer,  consisting  of  molybdenum 
carbonitride  with  a  Mo2C  lattice,  was  observed  at  a  temperature  of 
100C-1200°C  and  it  obeyed  the  parabolic  law  (Fig.  151).  An 
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investigation  of  the  kinetics  of  the  formation  of  diffusion  layers 
in  molybdenum-nitrogen,  molybdenum-nitrogen-carbon  and  molybdenum- 
carbon  system"  shows  that  their  growth  proceeds  due  to  the  preferential 
diffusion  .itrogen  and  carbon  through  the  reaction  products  to 
the  metal  .here  the  rate  of  nitridation  of  molybdenum  is  considerably 
higher  than  its  carburizing  rate,  and  the  rate  of  the  joint 
saturation  with  nitrogen  and  carbon  has  an  intermediate  value.  The 
results  of  the  X-ray  and  the  metallographi c  investigations  of  the 
surface  diffusion  layers  in  the  indicated  systems  are  given  in 
Table  116. 


Pig.  L51.  The  dependence  of  the  increase 
in  weight  of  Mo  samples  in  a  medium  of 
gasoline  and  ammonia  vapors  on  time  at 
temperatures:  1  -  1000;  2  -  1050;  3  - 
1100;  4  -  1150;  5  -  1200°C. 


In  works  [956,  957]  information  is  given  about  the  doubling  of 
Ine  hardness  of  the  molybdenum  alloy  with  1$  Ti  by  treatment  in 
nitrogen  at  temperatures  of  1100-1500°C  for  27  h.  This  increase  in 
hardness  is  due  to  the  formation  of  titanium  nitride,  dispersionally 
distributed  in  the  molybdenum  matrix.  It  is  also  indicated  [956] 
that  upon  nitriding  molybdenum  alloy  with  0.5$  Ti  the  hardness 
increases  from  290  to  66 0  Hy,  and  upon  nitriding  molybdenum  alloy 
with  0.5$  Ti  and  0.08$  Zr  the  hardness  increases  to  835-858  Hy. 
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Table  116.  The  results  of  nitriding,  carburizing  and  carbonitriding 
molybdenum. 


System 

-  — -  -  -  - 

Tempera¬ 

ture 

range,  °C 

Number  of  layers, 
revealed  by 
metallographic 
investigation 

Results  of  the 
X-ray  phase 
analysis 

Presence 

texture 

of 

Mo-N 

700-900 

2 

External  layer  - 
MoN 

Internal  -  Mo2N 

No 

940-1150 

1 

Mo2N 

1! 

1150-1250 

- 

Mo 

It 

Mo-C 

800-1200 

1 

Phase  with  an 

Mo2C  lattice 

tt 

(texture 

at  1200°C) 

Mo-C-N 

900-12  0 

1 

i 

Phase  with  an 

Mo»C  lattice 

No 

An  investigation  of  the  nitridation  of  molybdenum  (the  molybdenum 
alloy  TsM-2A  0,003$  C;  0.09$  Ti ;  0.14$  Zr)  was  carried  out  in  [1051] 
various  media  (ammonia,  dissociated  ammonia,  a  mixture  of  nitrogen 
and  1$  ammonia,  a  mixture  of  argon  and  1$  ammonia,  rarefied  (to  10-1 
mm  Hg)  ammonia)  at  700-l600°C  for  from  0.25  to  10  h.  As  a  result 
it  was  established  that  during  nitriding  the  dissolution  of  the 
nitrogen  in  molybdenum  occurs  first;  then  the  nitrogen-poorest 
6-phase  (Mo^N)  will  be  formed,  then  the  nitrogen-richest  phases 
Mo2N  and  MoN  (up  to  a  temperature  of  1000°C)  or  only  the  nitride 
MoN  (at  a  nitridation  temperature  above  100J°C)  which  contradicts 
the  data  of  [764]  according  to  which  the  Mo2N  phase  is  stabler,  and 
at  temperatures  above  1150°C  neither  of  these  phases  will  not  be 
formed. 

The  nitrided  layers  on  molybdenum  obtained  in  [1051]  possess 
high  hardness  (of  the  order  of  2000  kg/mm2)  and  high  fragility 
(points  3-4  on  the  microfragility  scale),  where  the  volume  changes, 
occurring  during  nitridation,  cause  high  internal  stresses,  the 
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removal  of  which  leads  to  the  appearance  of  microscopic  cracks.  The 
heat  resistance  (measured  by  the  resistance  of  plastic  deformation 
upon  testing  for  creep)  is  increased  by  60-90%  by  the  surface 
nitridation  of  molybdenum  at  1000~l400°C.  It  was  determined  that 
this  increase  is  attained  under  optimum  nitriding  conditions  for 
sheet  molybdenum  (with  a  thickness  of  1-1.5  mm)  at  9^0~1000°C  for 
I  h. 

The  separate  and  joint  diffusion  of  carbon  and  nitrogen  into 
tungsten  were  studied  in  [7653  (Table  117). 


Table  117.  The  results  of  nitridlng,  carburizing,  and 
carbonitriding  of  tungsten. 


System 

Range 

tempera¬ 

tures 

. 

Number  of 

layers , 

detected 

by  the 

metallo- 

graphic 

analysis 

The  results  of  the 
X-ray  phase  analy¬ 
sis  of  the  layers 

1 

The  pres¬ 
ence  of 
the  texture 

W-N 

1000-1100 

2 

External  -  WN, 
internal  -  WgN 

No 

W-C 

1000-1200 

2 

Internal  -  V/^C 
external  -  WC 

H 

W-C-N 

1000-1200 

2 

External  -  with 

WC  lattice, 
internal  -  with 
a  lat  '.ce 

11 

From  a  comparison  of  the  shapes  of  the  kinetic  curves  (Fig.  152) 
it  is  possible  to  conclude  that  the  presence  of  nitrogen  inhibits 
the  diffusion  of  carbon  into  the  tungsten  (for  chromium  and  molybdenum 
the  reverse  phenomenon  was  observed).  Inasmuch  as  during  carburizing 
and  during  carbonitriding  the  partial  pressure  of  carbon  in  the 
reaction  space  remained  identical,  the  authors  of  the  work  [7653 
assume  that  the  tungsten  carbides  forming  in  the  diffusion  zone 
contain  dissolved  nitrogen,  which  hampers  the  diffusion  of  the  carbon 
atoms  through  the  carbide  phases  further  into  the  depth  of  the  metal. 
The  parabolic  law  of  the  increase  in  the  thickness  of  the  surface 
layer  observed  in  all  the  systems  testifies  to  the  preferential 
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diffusion  of  nitrogen  and  carbon  through  the  crystal  lattices  of 
the  forming  phases. 


Fig.  152.  The  dependence  of  the  square  of 
the  increase  in  weight  of  tungsten  samples 
on  time:  A  is  the  W-C  system;  0  is  the 
W-C-N  system. 


The  authors  [766]  described  the  method  of  applying  nitride 
coatings  on  titanium,  zirconium  and  niobium  by  interacting  halide 
connections  of  cnese  metals  with  ammonia.  As  a  result  of  this 
complex  connections  of  various  compositions  will  be  formed,  which 
decompose  at  high  temperature,  with  the  liberation  of  active  metal 
and  nitrogen  atoms,  diffusing  into  the  surface  being  saturated. 

To  apply  a  coating  of  titanium  nitride  it  is  recommended  that  an 
interaction  reaction  ofTiCl^  with  NH^  be  carried  out  at  temperatures 
of  900-1200°C.  To  avoid  the  liberation  of  the  nitride  particles  in 
the  free  state  the  TiCl^  and  the  NH^  are  introduced  into  the 
reaction  zone  separately,  where  the  titanium  chloride  is  in  a  stream 
of  hydrogen. 

The  theory  of  the  application  of  protective  coatings  of  nitrides 
through  a  gas  phase  is  covered  in  work  [1065]. 

As  was  reported  in  [271],  during  the  application  of  a  nitride 
coating  on  magnesium  (its  alloy  with  0.6#  zirconium  and  others  at  a 
pressure  of  30  at)  relatively  stable  layers  are  formed  preventing 
the  magnesium  from  sublimating  at  increased  temperatures. 

f 

Of  great  interest  are  nonmetallic  nitride  coverings  on  metals 
and  nonmetals,  in  particular  heat  and  corrosion  resistant  coatings 
of  AIN  [767],  coatings  of  boron  pyronitride  and  boron  pyrocarbonite 


17^6 J,  and  also  coatings  of  metal-like  nitrides  on  nonmetals,  for 
example,  of  titanium  nitride  on  graphite  [768]. 

According  to  [842],  coatings  of  aluminum  nitride  on  graphite 
were  applied  by  the  plasma  spraying  of  aluminum  on  graphite  with 
subsequent  nitridation.  The  adhesion  of  the  aluminum  layer  to  the 
graphite  is  accomplished  only  as  a  result  of  mechanical  fastening 
with  subsequent  nitridation  at  1300°C  for  0.5  h;  the  aluminum  layer 
is  completely  converted  into  aluminum  nitride  and  the  layer  fits 
tightly  to  the  graphite  substrate,  being  firmly  held  to  it.  The 
nitridation  occurs  especially  qualitatively  with  the  covering  of  the 
graphite  component  coated  with  aluminum  with  aluminum  powder,  which 
interacts  with  the  oxide  films  on  the  aluminum  layer  with  the 
elimination  of  the  a’  uminum  monooxide  A^O^  +  A1  =  3A10. 


CHAPTER  XI 


THE  REGIONS  OF  THE  APPLICATION  OF  NITRIDES 

The  variation  within  broad  limits  of  the  nature  of  chemical 
binding  and  the  physical-chemical  properties  of  nitrides  assures 
for  them  very  diverse  fields  of  application.  However  the  most 
developed  at  the  present  time  is  the  use  of  refractory  and  electric 
insulating  properties  of  certain  nitrides  -  boron,  silicon,  aluminum, 
and  also  their  complex  compounds  and  various  materials  based  on  them. 

Boron  nitride.  The  high  electric  insulating  properties,  the 
resistance  with  respect  to  thermal  shocks,  the  chemical  stability, 
the  strength  at  high  temperatures,  the  good  thermal  conductivity,  the 
stability  in  a  vacuum,  the  great  neutron-capture  cross  section  in 
combination  with  good  workability,  and  also  the  high  refractory 
properties  ensure  the  application  of  boron  nitride  and  articles  of 
it  in  various  branches  of  technology.  It  is  necessary  to  note 
expecially  the  use  of  boron  nitride  for  the  manufacture  of 
protective  insulating  tubes  for  thermocouples,  furnace  accessories, 
pipes  for  muffle  furnaces,  transistor  mountings,  electron  tube  bases, 
crucibles,  tubes  and  valves,  devices  for  nuclear  technology  [628], 

Of  great  value  is  the  application  of  boron  nitride  for  the  manufacture 
of  metal-wire  components,  electromagnetic  pumps  for  pumping  molten 
metals  [896],  channel  linings  MHD  [magnetohydrodynamic]  generators, 
certain  devices  for  rocket  technology.  The  use  of  the  luminescent 
properties  of  boron  nitride,  alloyed  with  different  impurities,  is 
promising.  Boron  nitride  has  founp  real  application  as  a  thermoinsula¬ 
tor  in  high-frequency  induction  furnaces,  since  it  is  not  heated  by 
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induction  currents  even  at  nign  temperatures  [769].  From  it  there  are 
manufactured  refractory  coatings  for  molds  and  crucibles,  refractory 
electrode  holders  for  automatic  welding;  its  application  has  been 
proposed  for  the  manufacture  of  pouring  lips  of  mixers  and  converters, 
however  very  high  resistance  of  articles  of  boron  nitride  with  respect 
to  molten  steel  at  temperatures  higher  than  1590°C  was  not  detected 
[733].  Also  promising  is  the  use  of  boron  nitride  as  a  high- 
temperature  lubricating  material  1770],  for  manufacturing  light¬ 
load  slider-type  bearings.  Its  introduction  into  copper  electrodes 
for  the  eK-ctroerosional  treatment  of  metals  sharply  Increases  their 
relative  stability.  The  comparatively  low  value  of  dielectric  losses 
in  the  whole  range  up  to  ultrahigh  frequencies  make  it  possible  to 
use  boron  nitride  in  the  construction  of  dielectrics  [773]. 

In  chemical  machine  building  the  high  resistance  of  boron 
nitride  to  the  effect  of  many  chemical  reagents  can  be  used,  the 
resistance  to  abrasive  wear  -  for  the  manufacture  of  nozzles  of  various 
atomizing  apparatuses. 

Pyrolytic  boron  nitride  is  used  in  rocket  technology  [713] 
as  shielding  material. 

A  material  consisi;ng  of  80#  BN  and  20#  B^C  [898],  is  resistant 
to  acute  and  frequent  thermal  cyclings,  chemically  inert,  durable 
and  hard.  From  it  there  are  manufactured  plasma  jets,  facings  for 
exhaust  nozzles,  rocket  combustion  chambers.  By  addition  pore 
formers  a  porous  material  is  obtained  for  filters  as  catalyst 
carriers,  etc. 

Boron  carbonltride  (B  N  C  )  also  possesses  high  properties 

X  y  z 

[771],  having  high  resistance  to  vaporization  in  a  vacuum,  close 
to  that  of  the  carbides  and  borides  of  refractory  metals,  resistance 
to  the  effect  of  many  molten  metals,  salts  and  slags,  high  electric 
insulating  properties,  plasmostability . 

Boron  carbonitride  has  a  specific  electrical  resistance  at 
BChV  if  the  order  of  lO^-lO^  Q*cm;  dropping  at  l400°C  to  5’ 10^  ft*  cm. 
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and  at  2000°C  -  to  2* 10 4  fl*cmj  it  possesses  high  thermal  conductivity; 
it  processes  well  mechanically  C 771 ] •  It  is  characterized  by  high 
resistance  to  the  action  of  molten  borax  at  1000°C.  Crucibles 
of  boron  carbonitride  are  stable  for  10-15  h  in  ferromanganese 
carbide,  metallic  manganese,  manganese-silicon  at  temperatures  of 
up  to  2000°C  [678],  in  molten  iron-titanium  concentrate  and  its 
reduction  products  at  l600°C  [772],  lithium  plasma  at  o000-2500°C 
[667],  copper  mattes  and  slags,  nickel  matte  at  1?50-1300°C  [ 5^1 3 • 

Cubic  boron  nitride  -  borazon,  possessing  high  hardness,  is  used 
for  manufacturing  various  abrasive  tools  of  this  same  type  and 
purpose  which  are  abrasive  tools,  made  from  diamond  [774],  and  in 
the  alloyed  (with  admixtures)  form  it  can  find  application  as  a 
semiconductor  [664],  capable  of  being  exploited  at  increased 
temperatures  without  a  severe  loss  of  properties. 

The  use  of  the  luminophor  properties  of  boron  nitride,  alloyed 
with  various  admixtures  [653] >  especially  carbon,  is  promising. 

Not  excluded  is  the  possibility  of  using  boron  nitride  as  a 
rubber  filler,  especially  of  microporous  rubber  for  industrial 
and  everyday  use. 

Aluminum  nitride.  The  known  refractory  properties  of  aluminum 
nitride  -  its  stability  in  molten  aluminum,  tin,  gallium,  boron 
anhydride  up  to  temperatures  of  1300-2000°C  [586]  -  ensure  the 
prospects  of  its  use  as  a  material  for  bath  linings,  electrolyzers, 
reservoirs  for  high-temperature  gallium  thermometers.  The  electric 
insulating  properties  of  aluminum  nitride  make  it  possible  to  use 
it  for  manufacturing  tubes  for  shielding  metallic  thermocouples, 
and  its  resistance  to  acids  -  in  chemical  machine  building. 

Especially  promising  is  the  manufacture  of  coatings  of  aluminum 
nitride  on  steels,  graphite,  various  metallic  and  nonmetallic 
materials.  In  work  [866]  a  refractory  material  is  described  consisting 
of  aluminum  nitride  with  10-20$  carbon  and  flurspar,  which  can  be 
used  up  to  2300°C  for  lining  glass  foundry  baths,  and  baths  of  the 
electrochemical  industry. 


465 


Especially  interesting  and  important  is  the  role  of  aluminum 
nitride  in  steels  and  iron  [563,  572,  867,  870-872].  It  was 
determined  that  one  of  the  causes  of  the  brittle  rupture  of  ingot 
steel  is  the  separation  of  aluminum  nitride  on  the  boundaries  of 
the  austenitic  grain  [867]  and  that  in  the  presence  of  aluminum 
nitride  the  magnetic  characteristics  of  transformer  steel  are 
substantially  reduced  [563 ] • 

However  it -was  recently  demonstrated  that  aluminum  nitride,  which 
was  usually  considered  to  be  a  harmful  component  steel  ensures  under 
definite  conditions  and  contents  (up  to  0.0 8%  nitrogen  in  the  form 
of  dispersed  nitride)  simultaneously  an  increase  in  the  strength, 
plasticity  and  an  improvement  in  the  weldability  of  steel  [871]. 
Aluminum  nitride  is  introduced  into  steel  in  the  form  of  finely  • 
dispersed  powder  (^1  p),  during  hardening  of  the  ingot  it  is  distri¬ 
buted  evenly  and  prevents  the  growth  of  the  grain  during  heating. 

The  dimensions  of  the  grains  are  very  minute  -  from  8000  to  31,000 

p 

grains  per  1  mm  ;  with  a  content  of  0.075?  aluminun  nitride  the  growth 
of  grains  is  not  observed  even  upon  prolonged  exposure  at  1100° C.  For 
low-carbon  steels  the  best  combination  of  strength  properties  and 
resilience  at  low  temperatures  is  given  by  the  introduction  of 
0.06-0. 08>S  AIN,  and  for  low-alloy  steels  -  0.04-0. 065?.  The  weld- 
affected  zone  of  a  welded  joint,  appearing  during  welding  and  being 
a  cause  of  embrittlement,  almost  does  not  appear  in  this  steel. 

It  has  been  jiemonst  rated’  thatr  tfie:  introduction  of  aluminum 
nitride  into  aluminum  and  its  cermet  alloys  sharply  increases  the 
elastic  modulus  and  the  thermal  resistance.  Alloys  of  the  SAP 
[sintered  aluminum  powder]  type  will  be  formed  in  which  the  aluminum 
oxide  is  replaced  by  aluminum  nitride  [868].  There  are  certain 
prospects  for  the  use  of  the  semiconductor  properties  of  alloyed 
aluminum  nitride  [6l4]. 

High  electro-,  thermo-insulational  and  refractory  properties 
are  possessed  by  materials,  consisting  of  aluminum  and  boron  nitrides 
and  also  of  aluminum  nitride  with  silicon  carbide.  For  example, 
in  [884]  the  properties  of  alloys  of  the  B-aI-N  system  are  described. 


which  possess  high  electrical  resistance,  dropping  more  slowly  with 
temperature  than  boron  and  aluminum  nitrides  separately  [1112,  1113], 


Silicon  nitride.  The  refractoriness,  the  high  resistance  to 
thermal  shocks,  the  good  heat  resistance  of  up  to  1200-1300°C  is 
responsible  for  the  application  of  silicon  nitride  in  the  composition 
of  various  heat-resistant  materials,  especially  important  (in  a 
practical  regard)  properties  are  possessed  by  mat  trials  of  SiC- 
Si^N^,  in  which  the  silicon  nitride  is  a  binder,  binding  the  carborundum 
grains  with  each  other  [873-8773.  According  to  [873],  the  porosity 
of  these  materials  is  15-2035,  the  compressive  strength  limit  at 
20°C  is  about  20-24  kg/mm2,  with  fracture  at  1000°C  -  1.9-2  kg/mm2; 
the  thermal  conductivity  at  850°C  is  equal  to  8.3  kcal/m*h*deg, 
the  coefficient  of  thermal  expansion  (20-1200°C)  is  3.8*10“^  deg"1, 
the  heat  resistance  from  l600°C  is  7  water  heating-cooling  cycles. 

These  same  materials,  but  nade  according  to  the  technology  of  [876], 
have  opa3p  s  2-4  kg/mm2,  0Mar  *  4-7  kg/mm2,  ocw  =  22-38  (20°C);  22-40 
(600°C);  27-40  (800°C)‘  kg/mm2.  These  materials  can  be  used  for 
manufacturing  refrigerator  scrubbers,  operating  with  hot  gases,  the 
caps  of  nozzles  for  .spraying . chemically  active  liquids,  mixers, 
resistant  to  corrosion,  and  also  to  the  simultaneous  action  of  solid 
components  of  suspensions  and  pulps,  for  the  facings  of  chemical 
equipment,  electric  welding  chambers  under  flux.  In  the  latter  case 
the  lining  of  the  chambers  is  held  for  2  h  under  flux  without  any 
variations.  Especially  promising  is  the  use  of  silicon  carbide  as  a 
binder  of  silicon  nitride  for  manufacturing  of  pump  components  for 
pumping  molten  aluminum  [8773,  for  manufacturing  the  linings  of  alumi¬ 
num  electrolyzers  [8783.  Such  materials  manifest  high  resistance 
to  the  action  of  copper  and  nickel  matte  and  slags  at  1250-1300°C; 
they  interact  weakly  with  molten  basalt  (l400°C),  with  chloride 
melts  (700-1100°C)  [5413.  The  material  SiC-Si^  is  resistant  to 
the  action  of  zinc  and  its  vapors  [8973. 

In  work  [8793  the  prospect  of  using  the  complex  materials 
SiC  +  Si^Njj  +  MoSi2  as  emitters  in  the  infrared  region  of  the  spectrum 
was  demonstrated. 
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Cases  of  Si^N^  and  the  materials  SiC  +  Si^N^  are  used  for  shield¬ 
ing  metallic  thermocouples  when  measuring  the  temperature  of  fluoride 
melts  in  aluminum  electrolyzers  (the  resistance  was  ICC  K  at  34C-370°C) 

[880]. 

The  high  electrical  resistance  of  Si^N^  makes  its  use  promising  * 

in  the  composition  of  volume  resistances,  thermistors  and  in  composi¬ 
tion  of  heating  electrodes  of  electric  resistance  furnaces  [88l], 

'*  *  > 
The  use  of  Si^N^  is  recor.  tended  in  the  composition  of  heat- 

resistant  alloys  [882,  883]. 

The  high  hardness  of  silicon  nitride  make  it  possible  to  use 
it  in  the  composition  of  abrasive  materials.  Thus,  according  to  the 
patent  [946],  silicon  powders  or  ferrosilicon  with  r.he  addition  of 
up  to  50 56  SiC  or  without  it  are  pressed  for  binding  of  glucose  in 
the  form  of  abrasive  wheels,  which  are  then  roasted  in  a  medium  of 
nitrogen  or  ammonia  at  1100-l600°C  for  24-108  h,  and  abrasive  articles 
are  obtained,  consisting  of  Si^NjpSiC  «  2:1.  It  is  also  possible  to 
use  pastes  of  similar  materials.  The  hardness  of  the  abrasive  is 
close  to  the  hardness  of  SiC;  with  respect  to  the  abrasive  properties 
(when  grinding  cast  iron,  alloys  of  cobalt  with  chromium  and 
tungsten,  and  also  ruby)  it  is  superior  to  carborundum  and  electro¬ 
corundum. 

Of  great  practical  interest  are  materials,  consisting  of  silicon 
nitride  with  magnesium  and  aluminum  oxides  [1040],  The  materials 
MgO-Si^Njj  [1114]  possess  a  flexural  strength  limit  of  12-14  kg/mm2, 
a  compressive  strength  limit  of  30-35  kg/mm2;  the  increase  in  weight 

p 

upon  oxidation  at  1200° C  is  3-6  mg/cm  ;  the  electrical  resistance 
10  l  ^ 

is  10  -10  fi*cm;  the  thermal  resistance  at  1500-20°C  -  20-30 

thermal  cycles;  they  are  resistant  to  the  effect  of  borax  and 

zinc  melts.  The  materials  Al^-Si^  [1115]  have  a  flexural  strength 

limit  of  6-7  kg/mm2,  a  compressive  strength  limit  of  16-18  kg/mm2, 

the  increase  in  weight  upon  oxidation  at  1200°C  is  2-5  mg/cm2,  the 

0  11  ♦ 
electrical  resistance  is  10-10  fl*cm,  the  thermal  resistance  is 

30-35  water  thermal  cycles  (1500-20°C). 
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In  (11058 ,  1116,  1117]  the  physical  and  technical  properties  of 
still  another  group  of  important  alloys  based  on  boron  and  silicon 
were  investigated  nitrides,  which  are  mechanical  mixtures  of  BN  and 
Si3N4  and  belong  to  the  class  of  heterogeneous  dielectrics.  Tne 
specific  electrical  resistance  of  a  material,  containing  80%  BN 
and  2055  Si^N^  at  20°C  is  4.5-lQ1^  fi-cm,  dropping  at  1400°  to  8*10^ 

n-cm;  a  maximum  specific  electrical  resistance  ( 10l21  a*  cm  at  20°  C; 
2.5*10'’  fi*  cm  at  l400°C)  is  possessed  by  a  material  containing 
^ 0 %  3N  and  60%  Si^N^.  The  value  0"  the  dielectric  constant  has  the 
same  order,  as  the  original  components  (Si^N^  e  -  4.4;  BN  -  e  = 

=  4.25-3.2).  These  kinds  of  materials  are  good  high-temperature 
insulators . 

and  indium  nitrides  are  promising  semiconductors  of  the 
A  B  type  [6l4];  the  nitride  alloys  with  other  isomorphic  compounds 
of  this  type  are  especially  complex. 

Transition-metal  nitrides.  The  main  properties  of  transition- 
metal  nitrides,  ensuring  their  application  in  technology,  are  their 
high  melting  points,'  rather  good  chemical  stability,  and  also  certain 
specific  properties,  such  as:  the  ability  to  pass  to  the  super¬ 
conductive  state,  the  relatively  high  electrical  conductivity  of 
the  metallic  type  or  the  semiconductor  properties.  Of  a  certain 
importance  are  the  high  hardness  and  the  wear  resistance  of  certain 
nitrides.  The  basic  area  of  the  use  of  nitrides  at  the  present  time 
is,  apparently,  their  application  as  refractory  materials,  possessing 
high  melting  points,  a  satisfactory  resistance  to  the  action  of 
molten  metals  and  to  oxidation  (especially  the  titanium,  zirconium, 
tantalum,  uranium  and  thorium  nitrides  [885]).  Thus,  in  [43] 
the  method  of  producing  crucibles  from  titanium  nitride  was  developed; 
in  [886]  -  a  method  of  manufacturing  crucibles  from  titanium  and 
zirconium  nitrides.  Alloys  of  MgO-TiN-Ni  [197],  in  which  TIN  is 
a  unique  binder  between  the  MgO  and  the  nickel  (TIN  forms  a  continuous 
series  of  solid  solutions  with  MgO  and  dissolves  in  Ni),  resist 
thermal  shocks  well;  their  strength  at  1090° C  is  30!?  higher  than  at 
20°C*  Sometimes  alloys  are  used  in  which  the  Ni  is  replaced  by  NiQ, 
being  reduced  in  the  sintering  process  [887]. 


467 


Boats,  niade  of  alloys  of  the  Ti-B-N  system  are  used  successfully 
as  containers  for  the  vaporization  of  aluminum  in  vacuum  metallising. 
These  boats  are  very  resistant  ,to  the  corroding  action  of  molten 
aluminum  and  can  be  used  for  several  days  which  makes  it  possible 
to  organize  a  continuous  process  of  metallizing  steel,  plastic, 
paper  [1048]. 

Anti-corrosion,  wearrresistant  and  hard  coverings  of  nitrides  are 
known  [45],  the  properties  of  which  are  described  in  Chapter  X. 


As  example  it  is  possible  to  point  to  the  high  operational 
properties  of  spinnerets  for  the  textile  industry  (the  drawing  of 
synthetic  fibers),  produced  by  the  Lyon  firm  J.  Bosyuz  (France). 
These  dies  are  produced  by  carburizing  molybdenum;  the  surface  has 
a  hardness  of  1400  H^,  and  according  to  operational  properties  they 
are  superior  to  steel  chrome-plated  spinnerets  [956]. 


According  to  [1052],  a  good  material  for  the  manufacture  of 
crucibles  for  the  vaporization  of  aluminum  is  a  composition  of  5 0% 

TiB2  and  505?  BN,  which  is  sufficiently  electroconductive,  so  that 
it  could  be  heated  by  high-frequency  streams.  The  advantage  of 
such  heating  consists  in  the  possibility  of  vaporizing  thin  layers 
(films)  of  molten  aluminum,  which  tends  to  migrate  from  the  crucible 
during  operation.  To  prevent  the  migration  crucibles  are  used,  the 
thickness  of  the  walls  of  which  is  less  than  thickness  of  the  skin- 
layer  in  the  high-frequency  field,  which  in  turn  depends  on  the  speci¬ 
fic  electrical  resistance  of  the  crucible  material  and  the  frequency. 
Since  the  resistance  of  the  composition  TiB2  +  BN  at  1100-1200°C  (the 
temperature,  necessary  for  the  vaporization  of  aluminum)  is  equal 
to  2*10  J  a*  cm,  then  at  frequency  200  kHz  the  thickness  of  the  skin- 
layer  is  of  the  order  of  5  mm,  which  also  determines  the  selection 
of  the  thickness  of  the  crucible  wall  also  taking  into  account  such 
factors,  as  the  preventing  of  turbulence  in  the  melt  as  a  result  of 
its  shielding  from  the  high-frequency  field. 
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Titanium  nitride  is  successfully  used  for  dusting  of  the  surface 
of  casting  molds  for  the  purpose  of  producing  of  a  pure  casting 
surface. 

The  high  hardness  of  certain  nitrides  made  it  possible  to  use 
them  for  correcting  grinding  wheels  by  burnishing  with  disks,  for 
example,  of  cast  titanium  nitride  [l8lj. 

Titanium  and  zirconium  nitrides  were  used  as  the  conductive 
material  of  thorium  cathodes  [888];  in  manufacturing  igniters  for 
rectifiers  a  composition  was  used,  containing  25%  TIN  +  75%  BeO  [888]. 
The  complex  titanium  and  chromium  nitrides  a:e  recommended  as  high- 
resistance  [839].  Niobium  nitride  is  used  as  a  detector  for  radio 
equipment,  operating  at  170°C  [890,  891],  in  the  construction  of 
tubes  for  transmission  of  images  [892],  and  also  for  superconductive 
bolometers  [893,  894,  954].  In  all  these  cases  the  ability  of  niobium 
nitride  to  change  to  the  superconductive  state  is  used.  The  addition 
to  NbN  of  niobium  carbide  can  raise  the  transition  point  to  a 
superconductive  state  of  up  to  17-l8°K  [895],  which  makes  it  possible 
to  broaden  the  use  of  the  superconductive  properties  of  niobium 
nitride. 

Chromium  nitride  CrN  is  a  promising  semiconductor,  in  particular, 
for  use  in  thermoelectric  generators  [327],  for  these  same  purposes 
scandium  nitride  is  promising  [466]. 

Certain  nitrides,  in  particular  chromium  nitrides,  are  promising 
catalysts  [899]. 

According  to  the  patent  [1053],  transition-metal  nitrides  in 
the  form  of  coatings  on  the  transition  metals  themselves  are 
promising  materials  for  the  manufacture  of  salt-ion  electrodes  - 
electrochemical  instruments,  intended  for  measuring  minute  acoustical 
pressures,  the  conversion  of  the  energy  of  the  latter  into  electrical 
energy  and  based  on  the  transport  of  small  quantities  of  substance 
in  the  ionic  solutions  [1054].  Salt— ion  electrodes  of  transition 
metals  (with  nitride  coatings)  possess  good  electrical  conductivity 
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ana  resistance  to  chemical  and  electrochemical  effects,  i.e.,  they 
are  practically  inert  in  a  salt-ion  cathode  solution. 

The  formation  of  rare-earth-metal  ritrides  (for  example, 
lanthanum,  cerium)  in  steels,  containing  nitrogen,  is  one  of  means  of 
impr^/ing  such  properties  of  structural  s  el,  cold  resistance  and 
inclination  to  aging  [934]. 

Uranium  mononitride  is  a  promising  nuclear  fuel,  since  in 
contrast  to  uranium  carbide  and  dioxide  it  does  not  interact  with 
the  majority  of  elements,  which  can  be  used  in  contact  with  it;  it 
nas  a  higher  thermal  conductivity  at  temperatures  greater  than  800°C, 
than  _ranium  monocarbide;  it  is  less  inclined  toward  catching  fire 
and  hydrolyzing  than  the  carbide;  it  a  high  uranium  content,  but 
with  respect  to  radiation  resistance  it  is  not  inferior  to  uranium 
carbide  and  dioxide.  It  can  be  used  in  fuel  elements  of  the 
dispersion  type,  and  in  reactors  of  various  types  [976]. 


470 


1.  L  j, vinskiy  M.  P.  -  Fiziko-khimicheskiye  svoystva  elementov. 
(Physico-chemical  properties  of  elements.)  Metallurgizdat ,  M.}  1952. 

2.  Ariya  S.  M. ,  Prokofyeva  Ye.  A.  —  In  the  book:  Sbornik  statey 
po  obshchey  khimii,  (A  collection  of  articles  on  general  chemistry,) 

1.  Izd~vo  AN  SSSR,  M.,  1953- 

3.  Bol'shakov  K.  A.,  Fedorov  P.  I.,  Stepina  L.  A.  -  Izv.  vuzov, 
Tsvetnaya  metallurgiya,  1959,  4,  52. 

4.  Dafert  R.,  Miklauz  R.  -  Mh.  Chemie,  1910,  31,  981. 

5*  Shamray  F.  I.  Litiy  i  ego  splavy.  (Lithium  and  its  alloys.) 
Izd-vo  AN  SSSR,  M. ,  1952. 

6.  Busev  A.  -  Uch.  zap.  Leningr.  ros.  ped.  in-ta,  1940,  29,  303. 

7.  Deslandres  H.  -  C.  r. ,  1895,  121,  886. 

.  8.  Ouvrard  L.  -  C.  r. ,  1892,  114,  120. 

9.  Vol  A.  Ye.  Stroyeniye  i  svoystva  dvoynykh  metallicheskikh 
sistem,  (The  structure  and  properties  of  binary  metallic  systems,) 

1.  Fizmatgiz,  M.,  1959- 

10.  Frankenburger  W.  -  Z.  Elektrochem. ,  1926,  32,  48. 

11.  Klinayev  V.  M.  —  In  the  book:  Redkiye  shchelochnyye  elementy 
(Rare  alkali  elements.)  Izd-vo  SO  AN  SSSR,  Novosibirsk,  i960. 

12.  Belyayev  A.  I.,  Firsanova  L.  A.,  Pomerantsev  I.  N.  -  In' the 
book:  Nauchnyye  trudy  Mosk.  in~ta  tsvetnykh  metallov  i  zolota  im. 

M.  I.  Kalinina.  Metallurgizdat ,  M. ,  1955,  25,  172. 


-13.  ostrou-shko  Yu,  l.;  Buchikhin  P.  I.  and  others.  Litiy,  ego 

Mirniya  i  tekhnologiya.  (Lithium,  its  chemistry  and  technology.) 

Atomisdat,  M.,  i960. 

14.  Macdupui.  -Ann.  Chim. ,  1959,  2,  527.  . 

15.  Alabyshyev  A.  F.  and  ethers.  Natriy  i  kaliy .  (Sodium  and 

potassium.)  Goskhimizdat ,  M. ,  1959* 

16.  G me!  ins  Handbuch  dcr  anorg.  Chemie,  21.  Nat¬ 
rium,  1928,  '  ... 

17.  Browne  A,  Houlehan  A.— J.  Amsr.  Chem. 

Soc.,  1911.33,  1749.  •  _  „  M 

13.  Franklin  E.— J.  Amer.  Chem.  Soc.,  1924,  48, 

2142.  ■  .  „ 

19.  Hoth  W.,  Py!  G.— Z.  angew.  Chem.,  1929,  42. 

890 

’  20.  Matter  O.—  German  Patent  30256X,  1920. 

21.  Davy  H.-Ph>l.'  Trans..  1809,  99,  450. 

22.  Dreyfus  R,  Levy  P.— Proc.  Roy.  Soc.,  1958 
A 243.  233. 

23.  Perel’man  F.  M.  Rubidiy  i  tsesiy.  (Rubidium  and  cesium.) 
Izd-vo  AN  SSSR,  M.,  I960. 

24.  Rukovodstva  po  preparativnoy  neorganicheskoy  khimii. 
(Textbook  on  preparative  inorganic  chemistry.)  Edited  by  G.  Brauera. 
IL,  M.s  1956. 

25.  Suhrmann  R,  Clusius  K.—  Z,  anorg.  Chem, 

1926,  152.  57. 

26.  Sieverts  A,  Krumbhaar  W.— 2.  phys.  Chem, 

.  1910,  74.  280. 

27.  Ron t gen  P,  Moller  F.— Z.  MetallwirtschalL 
1934  13  97 

*28.' Lalfi tie  P,  Grandadnm  G.-C  r,  1935, 

200, 1039. 

29.  Khansen  M. ,  Ar.derko  K.  ‘Struktury  dvoynykh  splavov.  (The 
structures  of  binary  alloys.)  Metallurgizdat ,  M. ,  1962. 


30.  W  i  I  s  d  o  r  f  H.—  Acla  cryst,  1948, 1,115. 

31.  J  u  z  a  R,  H  *  h  n  H. —  Z.  anorg.  Cliem,  1938,  239,  282. 

32.  J  u  z  a  R.—  Z.  anorg.  Chem,  1941,  248,  1 18. 

13.  J  u  z  a  R,  R  a  b  e  n  a  u  A.—  Z.  anorg.  Chem,  1956,  285,  212. 

34.  D  e  n  i  g  e  s  G  -  C.  r,  1942,  214.  651.  ^ 

35.  Suzuki  S.— J.  Ctiem.  Soc  lapan.  Pure  Chem.  Sect,  1553.  74,  269. 

36.  Bokiy  G.  B.  Vvedeniye  v  kristallokhimiyu. 
to  crystal  chemistry.)  Izd-vo  MGU,  M. ,  1954. 


(Introduction 


37.  Straumanis  M,  Cirulis  A.-^Z.  anorg.  Chem,  1943,  251,  315. 

38.  Kelley  K,  Department  U.  S.  ol  the  Interior  Bureau  of  Mines.  Bull,  476, 
Washington.  1949. 

39.  H  a  h  n  H,  G  i  1  b  e  r  t  E.—  Z.  anorg.  Chem,  1949,  258,  77. 

40.  Wohler  I.,  Martin  F.-  Z.  Ges.  Schiess.  Sprcngstoffwesen,  1918,  12,  1. 

41.  Gulbransen  E,"  Andrew  K.— J.  Electrochem.  Soc,  1950,  97.  383. 

42.  White  D,  Burke  I.  The  Metal  Beryllium  Amer,  Soo.  Metals  Cleveland, 
Ohio,  195S. 

43.  C  h  i  o  1 1 1  P.—  J.  Amer.  Ce. .  Soc,  1952, 35,  123. 

44.  K  a  u  f  m  a  n  n  A,  G  o  r  d  o  a  P,  Lillie  D.—  Trans.  ASM,  1950,  42,  '785. 


472 


45.  Teknnika  vysokikh  temperatur.  (The  technology  of  high 
temperatures.)  Edited  by  I.  Kempbella.  II,  M. ,  1959. 

46.  Stackelberg  M.,  Paulus  R.  -  Z.  phys.  Chem. ,  1933,  B22,  305* 

47.  Kubashevskiy  0.,  Evans  E.  Termokhimiya  v  metallurgil.  IL, 
M.,  1954. 

48.  Devi Ue  H.-St,  Caron  H.—  Ann.  C'nim.  Phys.,  1*63,  67  (3),  349. 

49.  B  r  i  g  1  e  b  F„  G 1  u  t  h  e  r  A.—  Lib.  Ann.,  1602.  123,  236. 

50.  Hart ung  H.  Beitrage  zur  Keiuitnis  dcr  Metallnitride.  Hannover,  1912. 

51.  M  c  r  z  W.~  TcDM.  nat.  243940,  1691, 

32.  Kaiser  K. —  repM.  naT.  IS16S7,  1904;  346112,  1920;  336437,  1920. 

53.  S  m  i  t  s  A.—  Rec.  Trav.  Chim.  Bays.,  1696,  15,  135. 

54.  Pasehkowetsky  A.— J.  Prakt.  Chem.,  1893,  47  (2),  89. 

55.  Neumann  B./  Kroger  C,  Habler  H.—  Z.  anorg.  Chem.,  1931,  196,  61. 

56.  Kirchnef  W.—  Chem.  Ztg.,  1901,  25.  395. 

57.  E 1  d  m  a  n  n  W.,  M  o  s  e  r  L.—  Ber.,  1991,  34,  393. 

58.  EidmannW.-J.  Prakt.  Chem.,  1899,59  (2),  1. 

59.  Szarwasy  E  —  Phann.  Post.,  1696,  29,  53;  Ber,  1897,  30,  606. 

60.  Mehner  H.  -  German  patent.  88999,  1895 

61.  Neuberger  W.  —  Z.  angew.  Chem.,  1905,  18,  1761. 

62.  Vournasos  A.  -Bull.  Soc.  Chim. ,  1911,  9  (4),  506;  1917,  21 
(4),  282. 

63.  Zhukov  I.  I.  -  Izv.  fiziko-khim.  analiza,  1926,  3,  1. 

64.  Neumann  B.,  Kroger  C.,  Kun  H.  —  Z.  anorg.  Chem.,  1932,  207, 

138. 

65.  Porter  J.  -  United  States  patent  2487472,  1949. 

66.  Davis  L.  —  United  States  patent  2488054,  1949. 

67.  Epel'baum  V.  A.,  Ormont  B.  P.  -  ZhFKh,  1947,  32,  319* 

68.  Mitchell  D.  -  Ind.  Eng.  Chem.,  1949,  41,  2027. 

69.  Nekrasov  B.  V.  Kurs  obshchey  khimii.  (Course  in  general 
chemistry.)  Goskhimizdat ,  M.,  1952. 

70.  \V  h  i  t  e  h  o  u  s  e  N.-  J.  Soc.  Chem.  Ind.,  1907,  26,  728. 

71.  Mel  lor  J.  A  Comprehensive  treatise  on  inorganic  and  theoretical  chemistry, 

VIII,  1931,  104-106. 

72.  Fichte  F.,  Scholl  ig  C.—  Hclv.  Chem.  Acta,  1920,  3,  298. 

73.  Ageyev  N.  V.,  Zamotorin  M.  I.,  Shoykhet  D.  M.  —  Metallurgiya, 
1936,  4,  27. 

74.  Deshman  S.  Nauchnyye  osnovy  vakuumnoy  tekhniki.  (The 
scientific  bases  of  vacuum  technology.)  IL,  M. ,  1950. 

75.  Staphitanonda  P.,  hargrave  L.  -  J.  Phys.  Chem.,  1956,  60, 

1628. 


473 


76.  Kubashevskiy  0.,  Gopkins  B.  Okisleniye  metallov  i  splavov. 
(The  oxidation  of  metals  and  alloys.)  IL,  M. ,  1955. 

77.  Antropoff  A..  Falk  F.-Z.  anorg.  Chem..  1930.  187,  405. 

73.  W  o  h  1  e  r  L..  M  a  r  t  i  n  F.~  Z.  angew.  Chem,  1917,  30,  33. 

79.  Hartmann  H..  Frohlieh  H.— Z.  anorg.  Chem,  1934,  218,  190. 

80.  P  a  u  I  u  s  R,-  Z.  phys.  Chem,  1933.  B22, 305. 

81.  Ariya  S,  M. ,  Prokofyeva  Ye.  A.,  Matveyeva  I.  I.  ZhOKh, 
1955s  29,  634. 

82.  Erlich  P.,  Hein  H.  -  Z.  Elektrochem. ,  1953,  57,  710. 

83.  Ariya'S.  M. ,  Erofeyeva  M.  S.,  Mochalov  G.  P.  —  ZhOKh,  1957, 
27,  17*10. 

84.  Termicheskiye  konstanty  neorganicheskikh  veshchestv. 
(Thermal  constants  of  inorganic  substances.)  Izd-vo  AN  SSSR,  M., 
1948. 

85.  Ariya  S.  M. ,  Prokofyeva  Ye.  A.  -  ZhOKh,  1955,  25,  849. 

86.  R  e  ni  y-G  1  u  n  c  t  e  P.—  Ann.  Chim.,  1933,  19,  289. 

S7.  F  i  g  ou  r  H.—  Bull.  Soc.  Cliirn.  France.  1947,  1096. 

88.  Gunter  P  Forger  Rosband  P.-Z.  Phys.  Chem,  1929,  8,  459. 

89.  S 1  e  v  e  r  t  s  A..  K  r  u  m  b  h  a  a-r  W.~  Bcr,  1910, 43,  894. 

90.  Hoffmann  W,  Maatsch  J.— Z.  Mctallkunde.  1956,  47,  89. 

91.  1  w  a  s  e  K.~  Sci.  Rep.  Tolioku  Univ,  1926,  15,  531. 

£2.  R-.  Neubcr  A..  Hahn  H.— Z.  anorg.  Chem,  1938,  22\. 

93.  H  u  1 1 1  g  G.~ Z.  anorg.  Chem,  1920,  114,  161. 

S,?rzer.  H..L<:ilr5?e  zur  Kenntnis  der  Nitride.  Hannover,  1927, 

95.  W  h  1 1  e  A,  ly  1 1  r  s  c  h  b  a  n  m  L.-  J.  Amer.  Chem.  Soc,  1906.  28,  1344. 

9&  Frankland  E.~  Pityl.  Mag,  1858,  IS.  149. 

97.  B  e  n  1 1  y  W,  S  t  c  r  n  e  P.—  Science,  1921,  S3,  143. 

98.  R  o  s  s  e  1  A.—  C.  r,  1895.  121,  941. 

99.  G  r  o  w  e  W.—  Phil.  Mag,  1841, 19,  98. 

100.  Fischer  F,  Schroter  F.—  Ber,  1910,  43,  1465. 

101.  R  a  v  n  e  r  O.—  Chem.  Met.  Engn,  1921,  24,  886. 

102.  J  u  z  a  R,  H  a  h  n.H.—  Z.  a.,.»i«.  Cliem,  1940,  244, 125. 

103.  S  a  t  o  S.~  Sci.  Pap.  Inst.  Tokyo.  1939.  35.  182. 

104.  Vournasos  A.-  Z.  anorg.  Chem,  1927,  164,  263. 

105.  Rossini  F.  et  al.—  Cirvul.  Bureau  Stand,  1952,  500,  181. 

1C6.  B  o  h  j  r  d  u.—  J.  Phys.  Chem,  1915,  19.  137. 

107.  HahnR,  Juza  1.—  Z.  anorg.  Chem,  1940,  244,  111. 

108.  F  r  a  n  k  1  i  n  E.-  1  Amer.  Chem.  SoC,  1907,  29.  35. 

109.  Stettbacher.— j.  Chi..,  See.  59?‘,  M9— 120,  48. 

110.  Friederich  E,  Sit  tig  L.--Z.  anorg.  Chem,  1925,  143,  293. 

111.  Becker K- Ebert  T.—  2.  Phys,  1925,  31.  268. 

112.  Brewer  L.  Chemistry  and  Metallurgy  of  Misollanous,  Materials,  Thermodyna¬ 
mics,  E.  Quill,  National  Nuclear  Energy  Series.  N.  Y,  1950. 

H3.Cetr.pter  K,  K r  i c o r  i  a n  N,  Me.  G  u  r  r  e  J.— J.  Phys. '  Chem,  1957, 


114.  Koval* chenko  M.  S.,  Neshpor  V.  S.,  Samsonov  G.  V. 
1958,  31,  1427 . 

115.  Young  R.;  Ziegler  W.—  J.  Amer.  Chem.  Soc,  1952,  47,  5251. 

116.  Muthmann  W,  Kratt  F.— Ann.  Chim,  1902,  325,  262. 

117.  Neumann  B„  Kroeger  C,  Kuna  N.— Z.  anorg.  Chem,  1932,  207,  133. 

■  "8.  Iandclli  A,  Botti  E. —  Atti  acad.  narl.  Lir.cei,  Classe  Sci.  fis.  mat  e  nat, 

1937,  25,  J29. 

119.  Klemm  \V,  Winkelmann  G.— Z.  anorg.  Chem,  1956,  288.  87. 

120.  Foster  L  Atomic  U.  S.  Energy  Comission  PubJ,  1950,  (AECD  2941); 

J.  Inst.  Metals,  Meta!!.  Abstracts,  1952,  20, 242, 

121.  M  a  t  i  g  n  0  n  C.-C.  r,  1900, 131,  837. 

122.  Muthmann  W,Kralt  F.—  Licb.  Ann,  1919,  t,  156. 

123  T  a  m  m  a  n  G.—  Z.  anorg.  Chem,  1922, 124.  25. 

124.  D  a  I  e  r »  F,  M  i  k  1  a  u  z  R.-~  Mh.  Chemie.  1912,  33. 911. 

125.  Fichte r  F,  Scholl y  C-Helv.  Chem.  Acta,  1920,  3,  164. 

126.  Z  i  e  g  I  e  r  W,  Y  o  u  n  g  R.-  Phys.  Rev,  1953,  90,  115. 


-  ZhPKh, 


474 


127.  Iveronova  V.  I.,  Tarasova  V.  P.,  Umanskiy  M.  M.  -  vestn. 
MGU,  ser.  fiz.-mat.  1  est.  nauk,  1951,  5,  8,  37. 

■  128.  E I c k  H.,  B»«ntlger  N.,  Eyring  L.—  J.  Amer.  Chem.  Soc,  1958, 

78,  2987. 

123.  1  a  a  <i  c  11 1  A.-  Z.  anorg.  Chem.,  1956, 288, 81. 


130.  E  n  d  t  e  r  F.~  Z.  anorg.  Chem.,  1948,  257,  127. 

131.  I.W.igs  Ann.,’ 1902,  325,  262. 

132.  Pally  A.,  Margolin  H„  Nielsen  1.— Trans.  Amcr.  Soc.  Metals,  1951, 


133.  Kornilov  I.  I.  -  Izv.  AN  SSSR,  OKhN,  1954,  3,  39?. 

134.  Samsonov  G.  V.,  Neshpor  V.  S.,  Lange  L.  V.  -  Metallovedeniye 
1  obrabotka  metallov,  1956,  1,  51. 

135.  Erlich  A.  -  Z.  anorg.  Chem.,  1949,  259,  1. 

136.  Vreger  A.  Kh.  -  ZhPKh,  1939,  13,  272;  19-39,  13,  1483. 

137*  Munster  A.,  Sagel  K.  -  Z.  Elektrochem. ,  1953,  57,  5  1. 

138.  Umanskiy  Ya.  S.  Karbidy  tverdykh  splavov.  Metallurgizdat , 
(Carbides  cf  solid  alloys.  Metallurgical  Publishing  House,)  M. ,  1947. 

139.  Gmelins  Handbuch,  4l  "Titan,"  1951,  S.  278, 

140.  Samsonov  G.  V.  Tugoplavkiye  soyedinenich.  (Refractory 
compound.)  Metallurgizdat,  M.,  1963. 

Hi.  Naylor  B.— J.  Amer.  Chem.  Soc,  1946, 68, 370. 

142.  S  a  t  o  S.—  Sci.  Pap.  Inst,  Tokyo,  iS33,  34,  888.  , 

143.  S  h  o  m  a  t  e  C.- J.  Amer.  Chem.  Soc.  1941.  68.  310. 

144.  L’vov  S.  N.,  Nevchenko  V.  F. ,  Samsonov  G.  V.  -  DAN  SSSR, 
I960,  135,  577. 

145.  Samsonov  G.  V.,  Verkhoglyadova  T.  S.  -  DAN  SSSP.  196I, 

138,  342. 

146.  Samsonov  G.  V.,  Umanskiy  Ya.  S.  Tverdyye  soyedineniya 
tugoplavkikh  metallov.  (Solid  compounds  of  refractory  metals.) 
Metallurgizdat,  M.,  1957. 

147.  Samsonov  G.  V.,  Verkhoglyadova  T.  S.  -  Zhurn.  strukt . 
khim.,  1961,  2,  617. 

148.  Samsonov  G.  V.,  Rukina  V.  B.  -  DAN  USSR,  1957,  3,  247. 

149.  Bridgman  P.  -  Proc.  Amer.  Acad.,  1932,  66,  255,  259,  268. 

150.  Kelley  K.  -  Bur.  Mines  Bull.,  1937,  407. 

151.  Pogel’  Ya.  -  ZhETP,  1945,  15,  545. 


475 


152.  Samsonov  G.  V.  -  Zhurn.  strukt.  khim.,  i960,  1,  447. 

153*  Wilkinson  M.,  et  al.  -  J.  Appl.  Phys . ,  i960,  31,  358. 

154.  Samsonov  G.  V. ,  Golubeva  N.  K.  —  ZhPKh,  1956,  30,  1258. 

155.  Munster  A.,  Schlamp  G.  -  Z.  phys.  Chem. ,  1957,  13,  1/m. 

156.  Savitskiy  Ye.  M. ,  Polyakova  V.  P.,  Tylkina  M.  A.  Splavy 
palladiya.  (Palladium  alloys.)  "Nauka",  M. ,  1967- 

1.57.  M (i ii'$ ter  A,  Ruppcrt  W.— Z.  Elektrochem,  1053,  57,  558. 

158.  Pollard  F..  \Vood\vart  P.— Trans,  Farad.  Soc>,  1950,  46,  190, 

159.  ampbcll  j.  et  al.— J.  Electfuchcm.  See.,  1949,  96,  318. 


160.  Leve  N.  P.,  Yurevich  A.  B.  —  Zav.  lab.,  1940,  9,  957. 

161.  Montemartini  C.,  Losana  L.  -  Gior.  Chim.  ind.  Appl.,  1924, 

323. 

162.  Samsonov  G.  V.,  Pilipenko  A.  T.,  Nazarchuk  T.  N.  Analiz 
tverdikh  tugoplavklkh  spoluk.  Vid-vo  AN  URSR,  K.,  1961. 

163.  Samsonov  G.  V.,  Yasinskaya  G.  A.,  Shiller  E.  A.  -  Ogneuporv, 
1961,  7,  335. 


164.  Mayer  O.  -  Ber.  Deutsch.  Keram.  Ges . ,  1930,  11,  358. 

165.  Smirnov  M.  V. ,  Krasnov  Yu.  N.  -  ZhNKh,  1958,  3,  1876. 


166.  Samsonov  G.  V.  Neshpor  V.  S.  Voprosy  poroshkovoy 
metallurgii  i  prochnosti  materialov.  (Questions  concerning  powder 
metallurgy  and  strength  of  materials.)  Izd-vo  AN  USSR,  K.,  1958,  5;,  3. 


167.  Sirota  N.  N.,  Samsonov  G.  V.,  Strel’nikova  N.  S.  ~  In  the 
book:  Fiziko-khimicheskiy  analiz.  (Physico-chemical  analysis.) 
MITsMIZ.  Metallurgizdat ,  M.,  1957,  30,  1,  368. 

168.  Samsonov  G.  V.,  Neshpor  V.  S.  -  In  the  book:  (Tekhnologiya 
tsvetnykh  metallov.  (Technology  of  nonferrous  metals.)  Tr.  MITsMIZ. 
Metallurgizdat,  M.,  1958,  29,  361. 


J®3-  JJ  a  [  >  G,  H  u  1  in  J—  Phys.-  Rev.,  1954.  93,  1004. 

Gold  water  D.,  Haddad  R.-J.  Appl.  Phys..  1951,  22,  70. 
i'-  K 1  e  m  in  W..  S  c  h  u  t  h  W.—  Z.  anorg.  Chem^  1931,  201,  24. 

172.  M  u  n  s  t  e  i-  A..  S  a  g  e  1  K.-  Z.  Phjs.,  1936,  144,  139. 

173.  Sa  gel  X.,  Munster  A.,  Schlamp  G.—  Nature,  1954,  174,  1154. 


174.  Samsonov  G.  V.,  et  al.  -  DAN  SSSR,  1962,  142,  862. 

175.  A  e  t  c  C.,  M  o  e  r  s  K.—  Z.  anorg.  Chem,  1931.  If9,  233 
1/6.  Alexander  P.—  Metals  and  Alloys,  1938,  9,  179. 

177.  Duwcz  P,  Odell  F.—  J.  Electrocher.r  Soc,  1950,  97,  299. 


476 


»  i  f out- 


I 

S' 


PAr,«3iJ8,  Verkh°Slyadova  T.  S.,  Dubovik  T.  V.,  Samsonov  G,  V.  - 

Poroshkovaya  metallurgiya,  1961,  1,  9. 

188  568*  Gulbransen  E*>  Andrew  K*  -  J.  Metals,  1949,  187,  74l;  1950, 


180 . 


Richardson  L. ,  Grant  N.  -  J.  Metals,  1954,  6,  1,  69. 


5763. 


181.  Remln  V.  P.  -  Vestnik  metalloprom'shlennosti,  1938,  18, 

182.  Hughes  W.,  Harris  B.  -  English  patent  787516,  1917. 

183.  van  Arkel  A.  E.  -  Physica,  1924,  4,  286,  293. 

184.  Moers  K.  -  Z.  anorg.  Chem.,  1931,  198,  243,  165,  259. 

185.  Ormont  B.  F.  ~  ZhPKh,  1947,  dopol:  i. .  tom,  72. 

186.  Breger  A.  Kh.  -  ZhPKh,  1939,  11,  617. 

187.  Ruff  0.,  Eisner  P.  -Ber.,  1908,  4l,  2254. 

188.  Breger  A.  Kh.  -  ZhPKh,  1939,  11,  630. 

Tsvetnyye 


N"  Loseva  S-  S”  Tseytina  N-  Ya- 


190.  Zelikman-A.  N.,  Gorovits  N.  N.  -ZhPKh,  1950,  23,  689. 
1940, 1i5*  5^elyakova  Ye*>  Koinar  A.,  Mikhaylov  V.  -  Metallurgizdat , 


192.  Alexander  P.  -  Chem.  Abstr.,  194 9,  43,  5162. 

,  a  Mfyerson  A,i  Kolchin  0.  P.  —  In  the  book:  Nauchnvve 

Metallu?gizcla?;tM.!SI|5|f25”ei9a“OT  1  20l0ta  lm-  M‘  *•  ^linina. 

q  !94.  Ogord  L.,  Espenshid  G. 

1958;  Metallurgiya,  1959,  10. 


United  States  patent  2822246, 


10R  Fn^/ef  ty',i»8u-s  n4cr'“  Z.  Metalikunde. 

asst 

as:r:j*v;^{ss;{stBsaa  s«..  ,w  *  m 


202.  Samsonov 
48. 

203.  Hoch  M., 
1954,  77,  304. 


G.  V.,  Verkhoglyadova  T. 
Dingledy  D.,  Johnston  H. 


S.  -  DAN  USSR,  1962,  1, 
-  J .  Amer.  Chem.  Soc . , 


477 


204.  Gvozdov  S.  P.,  Zhurenkova  A.  4.  —  Nauchnyye  doklady  Vysshey 
shkoly  ser.  Metallurgiya,  (Scientific  reports  of  the  Highest  School, 
Metallurgy  Series.)  1958,  3,  32. 

205.  Ageyev  N.  V. ,  Model’  M.  S.  —  ZhNKh,  1958,  3,  1^39. 

206.  Kubaschewski  0.,  Evans  E.  Metallurgical  Thermochemistry, 
Pergamon  Press.  London  -  N.  Y.,  1958. 

207.  Smagina  Ye.  I.,  Kutsev  V.  S.,  Ormont  B.  F.  -  DAN  SSSR, 

1957,  115,  354. 

208.  Dravc-ieks  A.  -  J.  Amer.  Chem.  Soc.,  1950,  72,  3518. 

209.  Mallet  M.,  Belle  J.,  Cleland  B.  -  J.  Electrochem.  Soc., 
1955,  101,  1. 

210.  Smagina  Ye.  I.,  Kutsev  V.  S.,  Ormont  B.  F.  -  ZhFKh,  I960, 
34,  2328. 


211.  Vasil  os  T.,  Kingcry  W. —  J.  Amer.  Cer.  Soc,  1954,  37,  409. 

212.  B  a  k  c  r  T.  W.—  Acta  Cryst.,  1958.  II,  300. 

213.  M  a  h  A.- J.  Amer.  Chem.  Soc.,  1956,  78.  3261. 

214.  Popova  0.  I.,  Kabannik  G.  T.  —  In  the  book.  Trudy  seminara 
po  zharostoykim  materialam.  Isd-vo  AN  USSR,  K. ,  1961,  6,  64. 

215.  Samsonov  G.  V. ,  Strashinskaya  L.  V.,  Shiller  E.  A.  —  Izv. 

AN  SSSR,  Metallurgiya  i  toplivo,  1962,  5,  167. 

216.  Portnoy  K.  I.,  Levinskiy  Yu.  V.  -  ZhPKh,  1961,  34,  1413. 

217.  Van  Arkel  A.  E.,  Boer  J.  —  Z.  anorg.  Chem.,  1925,  148,  347. 

218.  Boer  J.,  Fast  J.  —  Z.  anorg.  Chem.,  1926,  153,  1. 

219.  Samsonov  G.  V.,  Neshpor  V.  S.  —  In  the  book:  Tekhnologiya 
tsvetnykh  metallov.  (The  technology  of  nonferrous  metals.)  Nauchnyye 
trudy  Mosk.  in-ta  tsvetnykh  metallov  i  zolota  im.  M.  I.  Kalinina. 
Metallurgizdat ,  M. ,  1958,  29,  361. 

220.  Nemchenko  V.  F. ,  L'vov  S.  N.,  Samsonov  G.  V.  —  Ukr.  fiz. 
zh.,  1962,  7,  117. 

221.  Fomenko  V.  S.  Emissionnyye  svoystva  elementov  i  khimiches- 
kikh  soedineniy.  (Emission  properties  of  elements  and  chemical 
compounds.)  "Naukova  dimka",  K.,  1964. 

222.  Hijos  F...  Ro  her  son  A.— Trans.  Electrochem.  Soc,  1949,  96,  142. 

2.‘3.  Edwards  R.  Malloy  G. —  J.  Phjs.  Chem.,  1958,  62,  45. 

H  11  m  ph  r  e  y  G.  —  J.  Amer.  Chem.  Soc.,  1953,  7*.  2806. 


225.  Verkhoglyadova  T.  S.  Tekhnologiya  polucheniya  i  nekotoryye 
fizicheskiye  svoystva  nitridov  perekhodnykh  metallov.  (Producing 
technology  and  certain  physical  properties  of  transition-metal 
nitrides.)  Author’s  abstract  of  this  candidate  dissertation.  KPI, 

K.,  1962. 


226.  Brokhin  I.  S.,  Fridman  A.  A.  -  In  the  book:  Tverdyye 
splavy .  (Solid  alloys.)  "Metallurgiya",  M. ,  1965,  7,  92. 

227.  Vaynshteyn  E.  Ye.,  Vasil'yev  Yu.  N.  -  DAN  SSSR,  1957,  114, 


228.  Zhurakovskiy  Ye.  A.,  Vaynshteyn  E.  Ye.  -  DAN  SSSR,  1959, 

129,  2669 

229.  Zhurakovskiy  Ye.  A.,  Dze£a..o"skiy  V.  P.  —  Poroshkovaya 
metallurgiya,  1964,  5,  57. 

230.  Ostroumov  E.  A.  -  Zav.  lab.,  1935,  5,  506. 

231.  Portnoy  K.  I.,  Levinskiy  Yu.  V.  —  ZhFKh,  1963,  37,  2627. 

232.  Portnoy  K.  I.,  Levinskiy  Yu.  V.  —  In  the  book:  Issledovaniye 
splavov  tsvetnykh  raetallov.  (An  investigation  of  nonferrous-metal 
alloys.)  IMET  im.  A.  A.  Baykova,  Izd-vo  AN  SSSR,  M. ,  1963,  4,  279. 

233.  Samsonov  G.  V.  Techhologia  a.v!asr.o«ti  spek.-nych  tiaruvnlomych  materi- 
ilov.  Probcemy  pfKkovci  rnetalurgie,  Slovensi.a  Aksdemia  Vied.,  Bratislava,  I%3,  30.' 

231.  Gooding  R.  W,  Parra  it  N.  J.— Powder  Metallurgy,  II,  42,  1963. 

235.  H  o  I  m  b  e  r  g  B.—  Acta  Chem.  Scand,  I  £52. 16,  1253. 

236.  Grishin  V.  K. ,  et  al.  Svoystva  litiya,  (Properties  of 
lithium,)  Metallurgizdat ,  M. ,  1963. 

237.  Schafer  H. ,  Fuhr  W.  -  Z.  anorg.  Chem. ,  1962,  319,  52. 

238.  Fedoseyev  I.  V.,  Nemkova  0.  G.  -  ZhNKh,  1962,  7,  980. 

239.  Munster  A.  -  Angew.  Chem.,  1957,  69,  281. 

240.  Goldberg  N.  A.,  Znemenskiy  Yu.  D.  -  ZhFKh,  1962,  36,  2748. 

241.  Glemser  0.,  Fild  M. ,  Kleine-Weischede  K.  -  Z.  anorg.  Chem., 
1964,  332,  257. 

242.  Dubovik  T.  V.,  Polishchuk  V.  S.,  Samsonov  G.  V.  ~  ZhPKh, 

1964,  37,  1828. 


1942. 2:?.  WuineRothcry  w-  Raynor  G..  Lillie  A.-J.  Iron  and  Steel  Inst, 
I960  251  ^,ur®u*escu  Cismaru  D.— Rev.  Chim.  Acad.  Rep.  Pop.  Roumanie, 

245.  S  i  f  f  e  r  I  e  n  R.—  C.  r,  1S64,  259,  1520. 

246.  Khan  J.  A,  Bhat  T<  R. —  J.  Less-Common  Metals,  1965,  9,  388. 

247.  Makolkin  I.  A.,  et  al.  -  ZhPKh,  I960, 


243.  J  u  z  a  R.  et  al.—  Z.  anoi  g.  Chem,  1964,  329,  136. 

249.  Juza  R,  Rabenau  A,  Nitschke  J.—  Z.  anorg.  Chem,  1964.  332. 1. 

250.  Hansen  N.—  Z.  anorg.  Chem,  1S64,  329,  68. 


479 


4,  824. 


251.  Meyerson  G.  A.,  Roy  S.  -  Poroshkovaya  metallurgiya,  1963* 

6,  71. 

252.  Samsonov  G.  V. ,  Fomenko  V.  S.,  Verkhoglyadova  T.  S.  —  In 
the  book:  Khimlya  i  fizika  nitj’idov.  ’’Naukova  dumka" ,  K.}  1968,  162. 

253.  Bungardt  K.,  Preisendanz  H.,  Horn  E.  -  Z.  Metallkunde, 

1962,  53,  495. 

254.  Nowotny  K. ,  Braun  H.,  Benesovsky  F.  -  Radex-Rundschau, 

1962,  53,  495. 

255.  Portnoy  K.  I.,  Levinskiy  Yu.  V.  -  ZhFKh,  1963,  37,  2467. 

256.  Kleffer  R. ,  Benesovsky  F.  Hartstoffe,  Wien,  Springer- 
Verlag,  1963 . 

257.  Hahn  H.  -Z.  anorg.  Chem. ,  1949,  258,  58. 

258.  Epel'baum  V.  A.,  Ormont  B.  F.  —  ZhFKh,  1947,  21,  3. 

259.  Breger  A.  Kh.,  Epel’baum  V.  A.  -  ZhFKh,  14,  1602,  1940. 

260.  King  E.  —  J.  Amer.  Chem.  Soc.,  1949,  71,  1. 

261.  Shomate  C.,  Kelley  K.  —  J.  Amer.  Chem.  Soc.,  1949,  71,  1. 

262.  Zhurakovskiy  Ye.  A.,  Vaynshteyn  E.  Ye.  —  DAN  SSSR,  1959, 

127,  534. 

263.  Hartmann,  Frohlich.— Z.  anorg.  Cheat,  1934, 218, 1901 

264.  Moiisan  h.—  C  r.  1898,  127,  497. 

265.  j\\  o  i  &  s  a  n  H.—  Ann.  Chim.  Phys.,  1899, 18, 318. 

266.  Dutoit,  Schnor f. —  C  r.,  1929.  187.300. 

267.  S  c h m  i  i z-D  umont  O..  Steinberg  U.—  Naturwis.,  1954,  41,  117. 

268.  Franek,Bredig,  Hoffman  n. —  Naturwis.,  21,  1933,  330. 

269  J  n  z  a  R. —  Chemie,  1945.  58,  25, 

270.  La  a  rend  Y.  David  1.,  Lang  1. —  C  r,  1964,  259,  1132. 

271.  S  i  tterlcn  R.  -  C.  r.,  1964,  259,  1520. 

272.  B  e  1 1  n  P.-  C.  r..  1964.  258,  4715. 

273.  Zhukov  I.  I.  -  ZhRFKhO ,  1910,  42,  40. 

274.  Funk  H.,  Bohland  H.  -  Z.  anorg.  Chem.,  1964,  334,  155. 

275.  Samsonov  G.  V.  -  In  the  book:  Met alio vedeniye  i  metallo- 
fizika  sverkhprovodnikov  (Metal  science  and  the  physical  metallurgy 
of  superconductors . )  "Nauka",  M.,  1965,  65. 

276.  Samsonov  G.  V.,  et  al.  Analiz  tugoplavkikh  soydineniy. 

(An  analysis  of  refractory  compounds.)  Metallurgizdat ,  M.,  1962. 

277.  BrauerG..  Jandsr  J.—  Z.  anorg.  Chem.,  1952,  270. 160. 

273.  Schonberg  N.—  Ada  Chem.  Scand.,  1954; 8,  202. 

279.  Schonberg  N.—  Acta  Chem.  Scand.,  1954, 8, 226. 


480 


t!  *- 


<iou.  umanskiy  Ya.  s.  -  ZhFKh,  1940,  14,  332. 

Ml.  B  f  «  “  t  r  0.— J,  Leis  Common  Metal*,  1960,  2, 131. 

,ni1  Tuwi"' 

10.I»teJp!b“.N.v;  f*l!C«7’i*,,’y  S-  C",“mW“m  Met  See.  Coni,  vot 

284.  Gebhardt  E.,  Fromm  E.,  Jakob  D.—  Z.  Metallkunde,  1934,  55,  423. 

285.  Verkhoglyadova  T.  S.,  L'vov  S.  N.,  Nemchenko  V.  F.  —  Ukr. 
khim.  zh.,  1964,  30,  667. 

286.  Korsunskiy  M.  I.,  Genkln  Ya.  Ye.,  Verkhoglyadova  T.  S.  — 
Poroshkovaya  me^allurglya,  1962,  4,  35. 

287.  Korsunskiy  M.  I.,  Genkin  Ya.  Ye.  -  Izv.  AN  SSSR,  ser.  fiz., 
I960,  24,  461. 

288.  Armstrong  G.  -  J.  Amer.  Chem.  Soc.,  1949,  71,  3583. 

289.  Samsonov  G.  V.,  Verkhoglyadova  T.  S.  -  DAN  SSSR:  1962, 

142,  608. 

290.  Lautz  C.,  Schroder  E.— Z.  Naturforschung,  1956,  31,  517. 

291.  Schroder  E. —  Z.  Naturforschung,  1957,  12,  247. 

292.  S  c  1 1  m  a  i  e  r  A.—  Z.  Phys.,  1955,  141,  550. 

7#  102?  CO°k  B’’  Zemarisky  M-  w-  Boorse  H.  A.— Phys.  Rev.,  1950, 

294.  Brauer  G.,  Jander  J.,  Rogener  H.—-Z.  Phys.,  1953,  134,  432. 

295.  Brauer  G.,  K 1  r  n  e  r  H.—  Z.  anorg.  Chcm.,  1064,  328,  34. 

29S.KIeffer  R..  Schwarzkopf  P.  Hartstc-  !e  und  Hartmetalle.  Wien,  1953. 

297.  Cost  J.  R.,  We  r  t  C.  A.—  Ada  Metallurgica,  "  >3,  1 1,  231. 


298.  Samsonov  G.  V.,  Verkhoglyadova  T.  S.  -  ZhNKh,  196 1,  6, 

2732.  * 

299.  L  o  v  e  A.-  C  r..  1902,  134,  1677. 

300.  Septicr  A,  Ganzcit  M„  Nariich  P.— C.  r.,  1952,  234,  105. 

301.  Pollard  F.,  Fowles G.— J.  Chem.  Soc.,  1952,  2444. 

302.  firings  W..  Kempkens  J.— Z.  anorg.  Chem.,  1929,  183,  225. 

303.  M  a  h  A.  D.—  J.  Amer.  Chem.  Soc..  1958.  80. 3872. 

304.  Roberts  B.  W.  Superconductive  Materials  and  some  ef  their  Properties,  Ge¬ 
neral  Electric  Research  Laboratory,  Schenectady,  N.  Y.,  1963. 

305.  Tompson  B.  W,  Carlson  O.  N.—  J.  Less-Common  Metals.  3964.  7.  321. 


305.  Tompson  B.  W,  Carlson  O. 


Less-Common  Metals,  3964.  7,  321. 


306.  Portnoy  K.  I.,  Levinskiy  Yu.  V.,  Salibelcov  S.  Ye.  - 
kovaya  metallurgiya,  1965,  12,  36. 

307.  H  a  gg  G.--Z.  Phys.  Chem..  1931,  13  (),  33. 

303-  Schonberg  N.—  Ada  Chem.  Scand,  1954,  8,  199. 

309.  Brauer  G,  Zapp  K.~ Z.  ..norg.  Chem.,  1954,  277,  129. 

310.  Brauer  G.,  Lesser  R.—  7.  Metallkunde,  1959,  50,  512. 

1958  49  577  bHardt  E"  S>ehczzi  H-  D-  Durrschnabel  W.-Z.  Metallkunde, 

464  3l2‘Gebhar<it  E>  H,  Fromm  E.— Z.  Metallkunde,  1961,  52. 

313.  Tiny-Sn  i-K Phys.  Rev.,  1948.  74, 914. 

314.  Brewer  L*„  Krikorian  O.— J.  Electrochera.  Soc.,  1956,  103,  38. 

315.  Popova  0.  I.,  Kabanikh  G.  M.  -  ZhNKh,  i960,  5,  930. 


—  Porosh- 


481 


316.  Booss  H.  J.  -  Me tall,  1956,  10,  130. 

317-  Horn  F.,  Ziegler.  -  J.  Amer.  Chem.  Soc.,  1947,  69,  2762. 

318.  Verkhoglyadova  T.  S.,  et  al.  -  Izv.  vuzov,  ser.  fiz.,  1967, 

8,  31. 

319.  H  u !  in  T.,  M  a  1 1  h  i  a  s  H.-  Phys.  Rev.,  1952, 82,  273.  •  . 

320.  K i e  s s I  i  n  g  R.,  Li  u  Y.~  J.  Metals,  1951,  3,  639. 

321.  B 1  i  x  R  -  Z.  Phys.  Chem;,  1929,  Bj,  229. 

322.  Mozgovoy  V.  S.,  Samarin  A.  M.  -  Izv.  AN  SSSR,  OTN,  1950, 

10,  1529. 

323.  S  c  y  b  o  1 1  A.  U.,  O  r  i  a  n  i  R.  A.-  J.  Metals.  1956,  8,  556. 

321.  B  r  i  c  R„  C  r  i  w  j  D.—  Met.  Techn.,  1940,  7,  2. 

325.  Eriksson  S.,  Jerkon t. —  Ann.,  1934,  1 18.  530. 

326.  Verkhoglyadova  T.  S.,  et  al.  -  FMM,  1961,  12,  622. 

327.  Ij * vo v  S.  N.,  et  al.  -  UFZh,  1963,  8,  1372. 

328.  Samsonov  G.  V.,  L'vov  S.  N.,  Nemchenko  V.  F.  —  DAN  USSR, 

1962,  7,  936. 

329.  Men'shikov  A.  Z.,  Rudomanov  P.  G.  -  Tr.  in-ta  fiziki  metallov 
AN  SSSR,  1959,  22,  69. 

330.  Nemnonov  S.  A.,  Men'shikov  A.  Z.  -  Izv.  AN  SSSR,  ser. 
fiz.,  1959,  23,  578. 

331*  Corliss  L. ,  Elliot  N.,  Hastings  J.  -  Phys.  R'=v.,  1961, 

117,  929. 

332.  Khansen  M.  Struktury  binarnykh  splavov.  (Structures  of 
binary  alloys.) 


Juni,  Sue  TirVl, 7953;  SP268!rmC‘aI,Ufgie'  ‘‘  P!a<:sc*sin5il,*r  «De  re  mefallica.,  22-26 

334.  Buck  R.  H,  Waterhouse  R.  B.— J.  Less-Common  Metals,  1964,  6,  36. 

33?-  Weaver  C  W.—  Acta  Metallurgies,  1962,  10;  1151, 

S  m<n^ac‘i  K”  Prpis.?!1.aJn,z  H.— Arch.  Eisenhflttcnwesen,  1958,  29,  241. 

337.  Olson  E.,  Layer  E.,  Middleton  A.— j.  Electrochem.  Soc.,  1955,  102,  73. 

338.  Zhukov  I.  I.  -  Izv.  sektora  fiz.-khim.  analiza  AN  SSSR. 

1926,  3,  14.  * 


339.  Dupare  L.,  Wenger  P.,  Schussele  W.  -  Helv.  Chem.  Acta, 
1930,  13,  917. 

240.  Samsonov  G.  V.,  Fomenko  V.  S.,  Paderno  Yu.  B.  -  Ogneuporv, 
3.9 (*2,  1,  40. 

341.  Popova  0.  I.  -  UKhZh ,  1961,  27,  22. 


7, 


343. 

3s  281. 


Arkharov  V.  I.,  Konev  V.  N.,  Men'shikov  A.  Z.  —  FMM,  1959, 
Pinsker  2.  G.,  Abrosimova  L.  N.  -  Krlstallograflya,  1958, 


344.  Duwcz  P.,  Odell  F.~  Powder  Metal!.  Bull,,  1950,  5, 43. 

345.  U  r  1  a  u  b  E.—  Pogg.  Ann..  1657, 101,  605. 

346.  Rosenhein  A.,  Braun  H.— Z.  anorg.  Chem,  1905,  48,  3111 

347.  Hagg  G.-Z.  Phys.  Chem.,  1930,  B7.  339. 

3)8.  Schonberg  N.—  Acta  Chem.  Scand,  1954, 8,  204. 


349.  Pinsker  Z,  G.,  Kaverin  S.  V.,  Troitskaya  N.  V.  —  Kristallog- 
rafiya,  1957,  2,.  179. 


350.  Pinsker  2.  G. ,  Kaverin  S.  V.  —Kristallografiya,  1957,  2, 

386. 

351.  Troitskaya  N.  V.,  Pinsker  Z.  G.  -  Kristallografiya,  1961, 
6,  43. 

352.  Troitskaya  N.  V.,  Pinsker  Z.  G.  —  Kristallografiya,  1959, 
4,  38. 


.VI.  Norton  F.  J,  Marshall  A.  L. — Trans,  Amor.  Inst.  Min.  Eng.,  1944. 
158.  v  1. 

'  Spacil  H.  S..-  Wulff  J.  The  Metal  Molybdenum.  Amrr.  Soc.  Metals,  Cleve¬ 
land.  l.-iS. 

Wh6.  E  v  a  n  s  D.  A,  J  a  c  k  K.  H.—  Acta  Cryst,  1957, 10.  833. 

353.  Olds  L.  E,  Rengslorlf  G.  W.  P.-  J.  Metals,  1956,  8,  150. 

357.  Mcarley  F.  H..  Chessiek  J.  J.,  Zettlemayar  A.  C— J.  Phys.  Chem, 
1953  57  178 

353.  Henderson  G,  Gallctly  J.-rJ.  Soc.  Chem.  Ind,  1908,  27,  387. 

359.  Hegedus  A  J,  Sasvari  K,  Neugebauer  J.— Z.  anorg.  Chem,  1957, 
293  56  * 

360.  Pease  R,  Cook  K.—  J.  Amer.  Chem.  Soc,  1926. 

351.  Kiessling  R,  Peterson  t.— Acta  Metallurgica,  1954,  2,  675. 

362.  Neugebauer  J,  Hegedus  A.  J,  MHIner  T.— Z.  anorg.  Chem,  1959, 
303.  50. 


363. 

545. 

364. 

545. 

365. 

711. 

366 . 

882. 


Khitrova 

V. 

I., 

Pinsker 

Z. 

G. 

—  Kristallografiya, 

1958, 

3, 

Khitrova 

V. 

I., 

Pinsker 

Z. 

G. 

—  Kristallografiya, 

1959, 

4, 

Khitrova 

V. 

I., 

Pinsker 

Z. 

G. 

-  Kristallografiya, 

I960, 

5, 

Khitrova 

V. 

I., 

Pinsker 

Z. 

G. 

-  Kristallografiya, 

1961, 

6, 

367.  Khitrova  V.  I.  -  Kristallografiya,  1561,  6,  549. 

368.  Khitrova  V.  I.  -  Kristallografiya,  1963,  8,  39. 

369.  Krestovnikov  A.  N.,  Shakhov  A.  S.  Fiziko-kimicheskiye  i 
termodinamicheskiye  svoystva  redkikh  metallov.  (The  Physicochemical 
and  thermodynamic  properties  of  the  rare  metals.)  Metallurgizdat , 
M.,  1939. 


483 


I 


i 

t 

s 

i 

l 


1 

385. 

Prelinger  O. 

—  Mh.  Chem.,  1894,  15,  315* 

■i 

/y 

h 

386. 

Zhukov  I .  I „ 

-  ZhRFKhO ,  1894,  40,  315. 

f 

i { 

1: 

387. 

Kagg  G.  -  Z. 

Phys.  Chem.,  1929,  B4,  346;  B6, 

229. 

f 

& 

388. 

Baratashvili 

I.  B.,  et  al.  -  DAN  SSSR,  1961, 

139,  1354. 

t 


370.  Gmclins  Handbm  h  «WoWram»,  Berlin,  1933,  74, 

371.  Sic  verts  A.,  Berg  nor  E.~Ber.  deutsch.  Chem.  Gcs.,  1911,  44,  2394. 

372.  l3mteP.,Gr*ndadarmP.— C.r.,  1935,200, 1039. 

373.  Smithelfs  C,  Rooksby  H.-J.  Chem.  Sec,  1927,  1882. 

374.  Matthias  A,  Frankenbcrger  W.  F.~ Z.  Elektrechem,  1929,  35,  920. 

375.  ‘H  e  y  n  e  0,  M  o  e  r  s  K  —  Z.  anorg.  Chem.,  1931,  196,  156. 

376.  T  r  z  e  b  I  a  t  o  w  s  k  1  W.~  Z.  nnorg.  Chem.,  1937, 233, 377. 

377.  Klemm  W,  Frlschmuth  G.— Z.  anorg.  Chem.,  1937,  230,  210. 

378.  G  i  1 1  m  a  n  n  W..  \V  r  i  g  g  e  F.*-  Z.  anorg,  Chem, '  1931,  199,  70. 

379.  Higg  G.-Z.  Phys.  Chem,  1933,  Bt2,  33.  .  ...  .  „  „  „„ 

380.  Matthias  A,  Zachariasen  W.  H.~ Phys.  Cham.  Solids.  1958,  /,  98. 

381.  Dubovik  T.  V.  Polucheniye  nitrida  reniya  Re^N.  (Obtaining 
of  rhenium  nitride  Re^N.)  Informpis’mo  In-ta  metailokeramiki  i 
spetsial'nykh  splavov  AN  USSR,  No.  251,  I960. 

382.  Hahn  H.,  Konrad  A.  -  Z.  anorg.  Chem.,  1951,  264,  174. 

383.  Samsonov  G.  V.,  Verkhoglyadova  T.  S.  -  UKhZh,  1964,  30,  143. 

384.  Trzebiatowski  W.,  Rudzlnski  J.  —  J.  Less-common  Metals, 

1964,  6,  244. 


359.  J  u  z  a  R,  Puff  H,  Wagneknecht  F.— Z.  Elektrochem,  1957,.  81,  84. 

390.  L 1  h I  F,  Ettinger  P,  K u t z e  1  n i g g  A.—  Z.  Metailkunde,  1962,  53,  715. 

391.  Z  w  i  c  k  c  r  U.—  Z.  Metailkunde,  1951,  42,  274. 

392.  G  u  i  1 1  a  n  d  C,  W  y  a  r  t  J.—  Rev.  Metailurgie,  1948, 45, 271. 

393.  Juzaft.,  Puff  H. —  Z.  Elcktrochem,  1957,  61,  810. 

391.  Ma  h  A.  O.— J.  Anier.Clicm  T.oc,  1938,  80.  2954. 

395.  GulllindC.WyartJ.-C.  r,  1946.  222. 71.  . 

396.  Paranjpe  V,  Cohen  M,  Sever  M,  Floe  C.— J.  Metals,  1950,  188,  261. 

397.  Pinsker  Z.  G.#  Kaverin  S.  V.  -  DAN  SSSR,  1954,  96,  519. 

398.  Jack  K.  -  Proc.  Rou.  Soc.,  1948,  195,  35;  1951,  208,  400; 
Acta  Cryst.,  1950,  3,  392;  1952,  5,  404. 


Pinsker  Z.  G.,  Kaverin  S.  V.  —  DAN  SSSR,  1954,  95,  797. 
Dvoryankina  G,  G.,  Pinsker  Z.  G.  -  Kristallografiya,  1958, 

Dvoryankina  G.  G.,  Pinsker  Z.  G.  -  Kristallografiya,  I960, 


399. 

400. 

3,  438. 

401. 

5,  153. 

402.  Korolev  M.  L.  Azot  kak  legiruyushchiy  element  stall. 
(Nitrogen  as  an  alloying  element  steel.)  Metallurgizdat ,  M-,  1961. 


484 


403.  Fry  A.—  J.  Iron  Steel  Inst.,  1932, 3, 191. 

404.  S.a  t  o  s  S.— ,  Sci.  Papers  Inst.  Phys.'  Chem.  Pet.  Toklo,  1934  28,  135. 

405.  Em u ret  P.  et  a!.—  J.  Amer.  Chem.  Soc.,  1930, 82,  1966. 

406.  OoodeveC.,  J  a  c  k  K. H.—  Trans.  Farad.  Soc.,  1948, 4, 62. 

407.  Chritlen  A., Mathis  M.—  C.'r.,  1949,  228,  91. 

40 8 .  Dorfman  Ya.  G.  Magr.itnyye  svoystva  i  stroyeniye  veshchestva. 
(Magnetic  properties  and  the  p'-ructure  of  matter.)  GITTL,  M. ,  1955, 

332. 

409.  Hume-Rothery  W.  -  Phil.  Mag.,  1962,  7,  1955* 

410 .  Rawlings  R.,  Robinson  P.  M.  -  Acta  Metallurgica,  1959,  7, 

659 . 

411.  Kontorovich  I.  Ye  Sovalova  A.  A.  —  Izv.  AN  SSSR,  OTN, 

1949,  11,  2675. 

412.  Kontorovich  I.  Ye.,  Sovalova  A.  A.  —  Tr.  MATI,  Transzhel- 

dorizdat,  4 ,  1948. 

413.  Kontroovich  I.  Ye.  Sovalova  A.  A.  —  ZhTF,  1950,  20,  53. 

414.  Krichevskiy  I.  R.,  Khazanova  N.  Ye.  -  DAN  SSSR,  1950,  71, 

481;  1950,  71,  677. 

415.  Krichevskiy  1.  R. ,  Khazanova  N.  Ye.  -  ZhFKh,  1945,  19,  676. 

416.  NowotAv  H.,  Rudy  E.,  Bcnesovsky  F.— Mh.  Chcmie,  19GO,  91,  963. 

417.  Brewer  L.,  Haraldson  H.— J.  Electroi-hern.  Soc.,  1953,  102,  399. 

418.  Jeltschko  W.,  Nowotny  H.,  3enesitsky  F.— Mh.  Chcmie,  1963, 

94,  119a 

419.  Jcltschko  W.,  Nowotny  H.t  Beneso'-,*ky  F^— Mh.  Chemie,  1964, 

95.  *56 

420.  Jeltschko  W.,  Nowotny  H.,  Benesov  ky  F.~Mh.  Chemie,  1964, 

95,  176. 

12:.  Jeit  schko  W.,  Now.otny  H.,  Behcsov’Ay  F.— Mh.  Chcmie,  1964. 

95,  438. 

422.  Jeltschko  W,  Nowotny  H-,  BenesovsW  F.— J.  Less-Common  Me¬ 
tals,  1954.  7,  133. 

423.  Nowotny  H..  Jeltschko  W.,  B.enesovs'  y  F.— Plansccberichtc  fur 
Pulvermclallut  ^ic,  1964,  12,  31. 

424.  J  u  7.  a  R..  K  to  s c  \V.~  Angew.  Chem,  1959, 17,  161. 

425.  Jura  R.—  Z.  anorg.  Chem.,  1953,  273,  48. 

426.  J  u  1  a  R..  H  a  n  d  F.— Z.  anorg.  Chem.,  1943,  257,  13. 

427.  GhoshS.  P.—  J.  Indian  Chem.  Soc,  1953,  30,  98. 

428.  Schonberg  N.—  Acta  Chem.  Scand.,  1954;  8,  213. 

429.  Samson  C.,  Bouchand  K.  P.,  Fru chart  R.—  C.  r.,  1964,  259,  392: 

430.  K' ';vnfer  H.,  Muller  J.,  Spcrr  F.~nar.  <t>pr  1178219.  1965. 

431/  S  in  i  t  h  R. —  Trans.  Met.  Soc.  AIME,  1962,  224,  190. 

432.  B  r  i  d  e  11  e  R.,  Al  i  c  h  e  1  A.— Rov.  Metallurgie,  1954,  51,  278/  -  ' 

433.  Brauer  G.,  Schneil  W.  D.— J.  Less-Common  Mei/Js,  1964,  7,  23. 

434.  Konev  V.  N.  —  In  the  book:  Issledovaniya  po  zharostoykim 
splavam,  (Research  concerning  heat-resistant  alloys,)  3.  Izd-vo 

AN  SSSR,  M.,  1958,  415. 

435.  Arkharov  V.  I.,  Katanov  L.  M.,  Konev  V.  N.,  Samsonov  G.  V.  - 
Uch.  zap.  Ural'skogo  gos .  in-ta  im.  A.  M.  Gor’kogo,  Sverdlovsk,  1 966, 


485 


436.  J u z a  R„  Anschutz  E.,  Puff  H:— Angew.  Chem,  1959,  71,  161. 

43?.  Slade!”!*!*?  H.  !!,,  F r f  k c r  A.  C. _ L  AtcUUlkund*  e*  Mm 

433!  WaYhtei  E.'.  B  art  eft  C.-Z.  Metalliamde,'  19&755. 88T  ”* 

439.  Brokhin  I.  S.,  Fridman  A.  A.  -  Poroshkovaya  metallurgiya, 
1965,  7,  34. 


■  440.  G  i  1 1 e  s  P  -  Corrosion  et  anticorrosion,  1904,  12,  15. 

441.  Carl  it  I  S.  J,  Hume-Rothery  W.-J.  Inst  Met,  1949,  76,  195. 

442.  E  r  I  i  c  h  P.  et  at— Z.  ancrg.  Chem,  1904,  328,  243. 

443.  Sc h on berg  N. —  Acta  Chem.  Scand,  1954,  8,  208. 

444.  R  o  11  b  i  11  M.  P,'  P  3  r  i  s  J.  M.—  C.  r,  1965,  260,  3981. 

4 15.  Ron  bin  M.  P..  P  a  r  i  s  J.  At—  C.  r.,  1905,  260,  3088. 

446.  Krichevskiy  I.  R.,  Khazanova  N.  Ye.  -  ZhFKh,  .194?,  21,  719- 

447.  Minkevleh  A.  N.  -  Khimiko-termicheskaya  obrabotka  metallov 
i  splavov.  (Chemicothermai.  creating  of  metals  and  alloys.)  Mashinos- 
troyeniye,  M. ,  1965. 

.  Yurgenson  A.  A.  Azotirovaniye  v  energomashinostroyenii  • 
(Nitridation  in  power  machinery  construction.)  Mashgiz,  Sverdlovsk  ~ 
Moskva,  1962. 

449.  Yurgenson  A.  A.  —  FMM,  1959,  7,  110. 

450.. M  a  r  a  t  r  a  y. —  Docum.  Metalhirgique,  1953,  16,  127. 

451.  BrauerG.,  Lesser  R.—  Z.  Alctallkundc,  1959,  50,  487. 

432.  W  i  e  n  e  r  G.,  Berger  J. —  J.  Metals,  1955,  7,  2.  360. 

453.  Zaymovskiy  A.  S.,  Chudnovskaya  L.  A.,  Magnitnyye  materialy. 
(Magnetic  materials.)  Gosenergoizdat ,  M. ,  1957. 

454.  Senate u r  J,  Fruchart  R,  M i c h e v  A.—  C.  r,  1962,  255,  1615. 

455.  Juza  R,  S  a  c  h  s  z  e  W.' —  Z.  anorg.  Chem,  1945,  253, 95. 

456.  C  I  a  r  k  e  J  .  J  a  c  k  K.-  Che.  Ind,  1951,  17,  1004. 

437.  Schmitz-Dumont  O..  Krin  N.— Angcxv.  Chem.  1955,  67,  231. 

458.  Juza  R,  Sachzse  W.— Z.  anorg  Chem,  1943,  251,  201. 

459.  H  a  g  g  G.—  Nova  Acta  Reg.  Soc.  -Sci.  Upsaliensis,  1929,  '(  (4),  22. 

460.  H  a  h  n  H,  K  o  n  r  a  d  A.—  Z.  anorg.  Chem,  1951,  264,  181. 

161.  Reinacker  G,  Hohl  K.  H.-Z.  anorg.  Chem,  1964,  333,  291. 

102.  N  u  r  y  G.-  C.  r,  1933.  237,  654. 

463.  Ginzburg  S.  I.,  et  al.  Rukovodstvo  po  khimicheskomu  analizu 
platinovykh  metallov  i  zolota.  (Textbook  on  the  chemical  analysis  of 
platinum  metals  and  gold.)  "Nauka,”  M. ,  1965. 

464.  Zvyagintsev,  et  al.  Khimiya  ruteniya.  (The  chemistry  of 
ruthenium.)  "Nauka",  M. ,  1965. 

465.  Dzhaffi  R. ,  Meykat  D.  Dzh.,  Duglas  R.  U.  Reniy  i  tugoplav- 
kiye  met ally  platinovoy  gruppy.  (Rhenium  and  the  refractory  metals 

of  the  platinum  group.)  IL,  M.,  1963,  49. 

466.  Samsonov  G.  V. ,  Lyutaya  M.  D.,  Neshpor  V.  S.  -  ZhPKh,  1963, 
36,  2389. 

467.  Samsonov  G.  V.,  Kosolapova  T.  Ya.,  Lyutaya  M.  D.,  Makarenko 
G.  N.  -  In  the  book:  Redkozemel’nyye  elementy.  (Rare-earth  elements.) 
Izd-vo  AN  SSSR,  M.,  1963,  8. 


«=*-r*5F  *£ ji 


•T?™. ; , » y  ?  ■ 1  'k1*1  ?j  i 1  w'Rj'i  ■? 


Praj»5nr»S3!5SSS«OT«r  IPS 


468.  Samsonov  G.  V.,  Petrash  Ye.  V.  -  Metallovedeniye  I  obrabotka 
metallov,  1955,  4,  19. 


469.  Kolomoyets  N.  V.,  et  al.  -  ZhTF,  1958,  23,  238. 

470.  Neshpor  V.  S.,  Samsonov  G.  V.  -  DAN  USSR,  1964,  9,  1175* 


471.  Zhurakovskiy  Ye.  A.,  Dzeganovskiy  V.  P.  -  DAN  SSSR,  1963, 

150,  1260. 


472.  Beattie  H.,  Snyda  F.  -  Trans.  ASM,  1953,  35,  397. 

473.  Samsonov  G.  V. .  Lyutaya  M.  D.  -  UKhZh,  1963,  29,  251. 


474.  Mikheyeva  V.  I.  Gidridy  perekhodnykh  metallov.  (Hydrides 
of  transition  metals.)  Izd-vo  AN  SSSR,  M.,  i960. 


1961. 


475.  Gshneidner  K.  Rare  Earth  Alloys,  Toronto.  London  -N.  Y., 


476.  Samsonov  G.  V.,  Lyutaya  M.  D. ZhPKh,  1962,  35,  2359. 

477.  Mikheyeva  V.  I.,  Kost  M.  Ye.  -  ZhNKh,  1958,  3,  260. 


478.  Essen  U„Klemm  W.—  Z.  anorg.  Chem.,  1962,  317,  25. 

479.  VeyssieJ.  J..  Brochier  D.,  Nentoi  A.,  Blanc  J.—  Phys.  Letters,  1965, 
14,  261. 

480.  Veyssic  J.  J.,  Chaussy  J.,  Berton  A.— Phys.  Letters,  1964,  13.  29. 

481.  Veyssie  J.  J,  Haen  P„  Chaussy  Anselin  F.— C.r,  1965, 
260  , 

’  482.'  S  h  i  I  d  H.  R.  et  al.-  Phys.  Rev.,  1963, 131, 922.  - 

483.  Kohlschutter  V. —  Ann.,  1901, 317, 158. 

484.  Shulman  R..  Wyluda  B.— J.  Phys.  Chem.  Solids,  1962,  23,  166. 

485.  A  n  se  I  i  n  F.— C.  r .  1963,  256.  2616. 


486.  Samsonov  G.  V.  Tugoplavkiye  soyedineniya  redkozemel'nykh 
metallov  s  nemetallami.  (Refractory  compounds  of  rare-earth  metals 
with  nonmetals.)  Metallurgiya,  M. ,  1964. 


487.  Daou  J.  -0.  r.,  I960,  250,  3635- 

488.  Didchenko  R. ,  Gorstema  F.  -  J.  Phys.  Chem.,  1963,  24,  863. 


489.  Radzikovskaya  S.  V.,  Marchenko  V.  I.  Sul’fidy  redkozeme- 
l’nykh  elementov  i  aktinoidov.  (Sulfide  or  rare-earth  elements  and 
actinides.)  "Naukova  Dumka",  K.,  1966. 


490.  McClure  J.  -  J.  Phys.  Chem.  Solids,  1963,  24,  871. 

491.  Sclar  N.  -  J.  Appl.  Phys.,  1964,  35,  1534. 


^52.  Permyakov  L.  N. .  et  al.  -  Izv.  AN  SSSR.  Metallurgiya  i 
toplivo,  1964,  4,  68. 


487 


493*  Aktinidy.  (Actinides.)  Edited  by  G.  Siborga,  Dzh,  Katsa. 

IL,  M.,  1955. 

494.  Rundle  P.  S.  -Acta  Cryst.,  1948,  2,  388. 

4S5.  Z  a  e  h  a  r  i  a  s  c  n  W.  H  --  Ada  Crys!.,  1949,  2,  388. 

496.  Siborg  G.  T. ,  Kats  Dzh.  Khimiya  r.ktinidnykh  elementov. 

(The  chemistry  of  actinide  elements.)  Atomizdat,  M. ,  1962. 

497.  Kutaytsev  V.  I.  Splavy  toriya,  urana  i  plutoniya.  (Alloys 

of  thorium,  uranium  and  plutonium.)  Gosatomizdat ,  M. ,  1962. 

408.Gcrds  A.  F„  Mallett  M.  W.~ J.  Eicdrochem.  Soc.,  1954,  101,  175. 

495.  Norton  P.  Rtlradorics,  3  Ed,  N.  Y,  Me  Qraw  Hill,  1900. 

000.  R  u  d  1  c  R.  ct  al.—  J.  Arner.  Client.  Soc.,  1948,  70,  99. 

501.  Nucleonics,  1964,  22,  64. 

502.  Benz  R„  Bowman  M.  G.— J.  Amcr.  Chem.  Soc,  1966,  88,  264.  ■* 

503.  Rarlowitz  C,  Urban  A.—  Bohrtechniker  Zlg,  1937,  9,  265. 

504.  O I  s o n  W,  M u  If  o r d  R.—  J.  Phys.  Chcm,  1963.  67.  952: 

505.  M  u  1 1  e  r  M.  H,  K  n  o  1 1  H.  \V.~  Ada  Cryst,  1958,  1 1,  751. 

506.  Chubb  \V. —  Reactor  Materials,  1902,  5,  35. 

507.  Warren  J.  H.—  Canad.  Mining  and  Metallurgical,  1963,  L.XVI,  147. 

5n3.  T r  z ebi  a t  o  w  sk i  \V,  TroS  R,  Leclejewicz  A— Bull.  Academic  Polo¬ 
naise,  Scr.  Chimiques,  1902,  10,  395. 

509.  Trzcbiatowski  W,.Troe  R.— Bull,  Acad.  Pol,  Ser.  Chim,  1964,  12,  681. 

510.  Besson  J,  Moreau  C,  Philip  pot  J.— Bull.  Soc.  Chem.  France, 

1964  1069. 

511.  Vaughan  D.—  J.  Metals,  Sect  2,  1956,  8, 78. 

512.  Mallett  H,  Gerds  A.— J.  Eicdrochem.  Soc,  1955,  102,  292. 

513.  Thummle.  F,  Ondrareck  G,  Dalai  K.— Z.  Mctallkunde,  1965, 

56.  535. 

514.  Vdovenko  V.  M.  Khimiya  urana  i  transuranovykh  elementov. 

(The  chemistry  of  uranium  and  the  transuranium  elements.)  Izd-vo 

AN  SSSR,  M.,  I960,  80. 

515.  Vessonov  A.  F.,  Vlasov  V.  G.  -  FMM,  1962,  14,  478. 

516.  Busl  J.,  Bauer  A.  -  J.  Amsr.  Cer.  Soc.,  1964,  47,  425. 

517.  Sheft  J.,  Fried  S.  -  J.  Amer.  Chem.  Soc.,  1953,  75,  1236. 

518.  Begli  K.  Plutoniy  i  ego  splavy.  (Plutonium  and  its  alloys.) 

Atomgiz,  M. ,  1958. 

519.  Zachariascn  W.  H,—  Natl.  Nudcar  Energy,  Ser.  Div.  JV,  148,  Transura¬ 
nium  Elements,  1949,  11,  1448. 

520.  Abraham  B,  Davidson  N„  Westrum  E.— Natl.  Nuclear  Encrg'e,  Set. 

Div.  IV,  148;  Transuranium  Elements,  1949,  11,  945. 

521.  P  o  r  u  d  e  W.—  Reactor  Materials,  1S62,  5,  24. 

522.  M  o  r  c  a  u  C,  Ph  i  li  p  p  o  t  J.— C.  r,  1951,  251,  1100. 

523.  M  a  ti  g  n  o  n  C.  A,  D  c !  6  p  i  n  e  M.—  C.  r,  1901,  132,  36. 

524.  Brown  F,  O  c  k  e  n  d  e  n  H.  M,  Welch  G.  A.~  J.  Chem.  Soc,  1955,  4196. 

525.  Leslie  W,  Carol)  K,  Fisher  R.-J.  Metals,  1952,  4,  204. 

526.  Wassi!onB,WildeF.G  —  Nature,  1957,179,435. 

527.  T  u  r  k  d  o  g  a  n  E.  T,  Bills  P.  M,  Tippet  V. — J.  Appl.  Chem,  1950,  8,  296. 

528.  HardieD,  JackK.  H.—  Nature,  1957,  180,  332. 

529.  Popper  P,  Ruddlesden  S.— Nature,  1957, 179,  1129. 

530.  Glemser  O,  Beltz  K,  Naumann  P.— Z.  anorg.  Chem,  1957,  291,  51. 

531.  N  aril  a  K,  Mori  K. —  Bull.  Chem.  Soc.  Japan,  1959,  32,  417. 

532.  Billy  M-—  Ann.  Chimie,  1959,  795. 

533.  Kaiser  W,  Thut’mond  C.— J.  Eicdrochem.  Soc,  1958,  105,  251. 


53**.  Samsonov  G.  V.,  Tsebulya  G.  G.  =  UFZh,  I960,  5,  35  = 

535.  Collins  J.,  Gerby  R.  -  J.  Metals,  Sect.,  1955,  7,  612. 

536.  Samsonov  G.  V.  Silitsidy  i  ikh  ispol’zovaniye  v  tekhnike. 
(Silicides  and  their  use  in  technology.)  Izd-vo  AN  USSR,  K.,  1959. 

537.  Promyshlenno-ekonomich.  gaze b a,  72  (372),  15  VI  1958. 

538.  Gilles  J.  P.  -Rev.  Hautes  Temper,  et  Refract.,  1965,  2, 

237. 

539.  Yasinskaya  G.  A.  Issledovaniye  vzaimodeystviya  rasplav- 
lennykh  metallov  s  tugoplavkimi  soyedineniyami .  (An  investigation 
of  the  interaction  of  molten  metals  with  refractory  compounds.) 
Author’s  abstract  of  his  dissertation.  IPM  AN  USSR,  1964. 

540.  Allen  B.  C.,  Kingery  D.  -Trans.  Metal.  Soc.  AIME,  1959, 
215,  30. 

541.  Burykina  A.  L. ,  Strashinskaya  L.  V.  —  Piz.-khim.  mekhanika 
materialov,  1965,  5,  557- 

542.  Brokhin  I.  S.,  Funke  V.  P.  -  Ogneupory,  1957,  22,  562. 

543.  Balmain  W.  -Ann.  Chim.,  1844,  52,  324. 

544.  Funke  V.  F.,  Samsonov  G.  V.  -  ZhOKh,  1957,  28,  267. 

545.  Evans  J.  W.,  Chattergi  S.  H.  -  J.  Phys .  Chem. ,  1958,  62, 

1064. 

546.  Schonberg  A.  -Acta  Chem.  Scand.,  1954,  8,  620. 

547.  Kuleshov  I.  M.  -  ZhNKh,  1959,  4,  488. 

548.  Samsonov  G.  V.,  Koval’chenko  M.  S.,  Dobrovol* skiy  A.  G. 
Izgotovleniye  izdeliy  metodom  poroshkovoy  metallurgii.  vyp«  8.  Opyt 
proizvodstva  poroshka  nitrida  kremniya  i  izdeliy  iz  nego.  (The 
manufacture  of  articles  by  the  powder  metallurgy  method,  issue  8. 

An  experiment  in  the  production  of  silicon  nitride  powder  and  articles 
from  it.)  Izd-vo  TsITEIN,  M. ,  i960. 

549.  Weiss  L. ,  Engelnardt  T.  -  Z.  anorg.  Chem.,  1910,  65,  38. 

550.  Schutzenberger  A.,  Kolson  H.  -  C.  r. ,  1882,  92,  326. 

551.  Evstrop’yev  K.  S.,  Toropov  N.  A.  Khimiya  kremniya  i 
fizicheskaya  khimiya  silikatov.  (The  chemistry  of  silicon  and  the 
physical  chemistry  of  silicates.)  Gosstroyizdat ,  1950,  223. 


489 


552.  W  6  h  1  e  r  J.-  Z.  Elcktroch  ..  1925, 420. 

553.  Blix  A, Birbelbauc  -Berichte,  1903, 36,  4220. 

554.  Gtemser  O.,  Nautnann  P. —  Z.  anorg.  Chun.,  1959,  298,  134. 


555.  Samsonov  G.  V.,  Dobrovol'skiy  A.  G.  —  Ogneypory,  1966,  6, 
55. 

556.  Dobrovol’skiy  A.  G.  Shlikernoye  lit* ye.  (Slip  casting.) 

"Metallurgiya",  M. ,  1967. 

557.  Popper  P.,  Ruddlesden  S.  -  Trans.  Brit.  Ceramic  Soc.,  1961, 
60,  9,  603. 

558.  French  patent  1278723,  I960. 

559.  Ruddlesden  S..  Popper  P.— Acta  Cryst.,  1958,  II,  465. 

560.  Turkdogan  E.  T..  Ignatov icz  S.— J.  Iron  Steel  Inst.,  19o7,  185,  2,  200. 

561.  Beltz  K.—  Deutsche  Nalionalbibliographie,  1954,  17,  1422. 

562.  JohnsonE,  Krohn  C.—  Nature,  1961,  190,  523. 

563.  Averin  V.  V.,  Garnyk  G.  A.,  Samarin  A.  M.  -  Izv.  AN  SSSR, 
OTN,  Metallurgiya  i  gornoye  delo,  1963,  2,  40. 

564.  English  patent  9700639,  1964. 

565.  Shvarts  R.  —  Uspekhi  khimin,  1936,  5,  1448. 

566.  Johnson  W.  —  J.  Amer.  Chem.  Soc.,  1930,  52,  5160. 

567.  Johnson  W. ,  Rigley  G.  -  J.  Amer.  Chem.  Soc.,  193^,  56, 

2395. 

568.  Samsonov  G.  V.,  Lyutaya  M.  D.,  Khorpyakov  0.  T.  —  Zhnkh, 
1964,  9.  1529. 

569.  Dzhonson  0.  —  Uspekhi  khimii,  1956,  25,  1. 

570.  13  c  r  r  a  z  G.—  Anal.  Soc.  Sci.  Argentina,  Session  Santa  Fi,  1935,  7.  6;  Chem. 

Abstr.,  1937,  31.  949. 

571.  BrieglebF„Geuther  A.—  Libigj  Ann.,  1962, 123,  238. 

572.  M  e  1 1  o  r  I.  W.  A  Comprehensive  treatise  on  inorganic  and  (heretical  chemistry, 

1928,8,  111. 

573.  Taylor  K.  M.,  Lenie  C— J.  Eleclrochcra.  Soc,  1950,  107,  308. 

574.  Renner  T. —  Z.  anorg.  Chem,  1959,  298,  22. 

575-  Andreyeva  T.  V. ,  ct  al.  -  Teplofizika  vysokikh  temperatur, 
1964,  2,  829. 

576.  Kauer  E,  Rabenau  A.—  1  Nalurfor^ciiuiij;,  1957,  12a,  943. 

577.  Lagrenaudie  J.— J.  Clnm.  Phys.  et  Phys.  Chim.  Biol,  1956,  54,  222. 

578.  Geffrey  G.  A,  ParriG.  S.—  J.  Chem.  Phys,  1955,  22,  201. 

579.  Kleber  W,  Witzke  H.  D.—  Naturwisscnsch,  1963,  50,  372. 

580.  Ala  h  AL  D.  et  ‘al.-— Thermodynamic  Properties  of  the  Aluminium  Nitride, 

Report  5716,  Bureau  of  Alines,  U.  S.  Dep.  of  the  falorm,  B.  AL,  1961. 

581.  O  1 1  H.—  Z.  Phys.  1924,  22,  201. 

582.  Ncugebauer  C.  A,  Margrave  J.  L.—Z.  anorg.  Chem,  1957/  290,  82. 


490 


583.  Berks  Dzh.  B.,  Shul’man  Dzn.  5.  Progress  v  obl&sti  dielek= 
trikov.  (Progress  in  the  field  of  dielectrics.)  1.  Gosenergoizdat , 
M.,  1962. 

584.  Schissel  P.  0.,  Williams  W.  S.  -  Bull.  Amer.  Phys.  Ser.  2, 
1959,  5,  139. 

585.  Long  G.,  Foster  L.  -  J.  Amer.  Ceram.  Soc.,  1959,  42,  53. 

586.  Samsonov  G.  V.,  Dubovik  T.  V.  -  Tsvetnyye  met ally,  1962, 

3,  56. 

587.  Polishchuk  V.  S.  -  ZhPKh,  1963,  36,  11*12. 

588.  Repkin  Yu.  D. ,  Samsonov  G.  V.  -  Poroshkovaya  metallurgiya, 

1963,  5,  68. 

589.  Smithells  C.,  Ransley  C.  -  Proc.  Roy.  Soc.,  1935,  152,  706. 

590.  Samsonov  G.  V. ,  Repkin  Yu.  D.  -  Poroshkovaya  metallurgiya, 
1965,  2,  1. 

591.  Smittel's  K.  Gazy  i  metally.  (Gases  and  metals.) 
Metallurgizdat ,  M. ,  19*10,  81. 

592.  Charlton  I.,  Evans  C.  United  States  patent  784126,  1957. 

593.  K 1  e  b  e  r  W„  W  i  t  z  k  e  H.—  Z.  Krist,  1961.  US,  12$. 

094.  W  i  t  z  h  e  H.-  Phys.  SUt.  Sol.  1962.  2.  1 109. 

595.  WitzkeH.-Z.  Phys.  Chem.,  1962.  221, 259. 

596.  L  e  i  ti  s  A.  M.  et  al.—  C.  r.  1963.  257.  157. 

597.  Gilles  J.  C.  Lejus  A.  M.  Co  11  on  sues  R. —  Corrosion  et  Anticorrosion, 

1961,  12,99. 

598.  Tiede  E.  Thimann  M.  Sensse  K.— Ber.  dcuUch.  Chem.  Ges.,  1938, 

61.  1568. 

599.  A  d  d  a  m  1  a  n  o  A. —  J.  Elcctrochem.  Soc.  1961,  108,  72. 

600.  Belyayev  A.  I.,  Rappoport  M.  B.,  Khazanov  Ye.  I.  Alyuminiy. 
Tsvetmetizdat ,  M. ,  1932,  78. 

601.  Matsumura  T.,  Tanabe  Y.  -  J.  Phys.  Soc.  Japan,  i960,  15, 

203. 

602.  Kolobnev  I.  F. ,  Al’tman  M.  B.  Gazy  v  alyumlniyevykh 
splavakh.  (Gases  in  aluminum  alloys.)  Izd-vo  AN  SSSR,  M.,  1948. 

603.  Voronov  S.  M.  Gazy  v  alyuminiyevykh  splavakh  i  metody 
degazatsii  rasplavov.  (Gases  in  aluminum  alloys  and  methods  of 
degassing  melts.)  ONTI,  M.,  1938,  10. 

604.  Klyuchko  Yu.  A.  -  ZhPKh,  1941,  14,  84. 

605.  Samsonov  G.  V.,  Dubovik  T.  V.  -  Poroshkovaya  metallurgiya, 

1964,  2,  99. 


491 


606.  Fed.  Rep.  of  Germany  patent  1057005,  1S59. 

607.  French  patent  1149539,  1957- 

608.  United  States  patent  2929126,  i960. 

609.  Repkin  Yu.  D.  -  Ogneupory,  1965,  2,  4l. 

610.  Long  G.,  Foster  L.  M.  —  J.  Electrochem.  Soc.,  1962,  109, 

1176. 


611.  Margrave  I,  L.,  Staphitanonda  P.  -  J.  Phys.  Chem. ,  1955, 

59,  1231. 

612.  Lyutaya  M.  D. ,  Bukhanevich  V.  F.  —  ZhNKh,  1962,  7,  2487. 

613.  Zhdanov  G.  S.,  Mirman  G.  V.  -  ZhETF ,  1936,  6,  10. 

614.  Shmartsev  Yu.  V.,  Valov  Yu.  A.,  Borshchevskiy  A.  S. 
Tugoplavkiye  almazopodobnyye  poluprovodniki .  (Refractory  diamond¬ 
like  semiconductors.)  "Metallurgiya" ,  M.,  1964. 

615.  Lorenz  M.  R.,  Binkowski  B.  B.  —  J.  Electrochem.  Soc.,  1962, 
109,  26. 


616.  Gordiyenko  S.  P.,  Samsonov  G.  V.,  Fesenko  V.  V.  -  ZhFKh, 
1964,  38,  2974. 

617.  Sime  R. ,  Margrave  I.  -  J.  Phys.  Chem.,  1956,  60,  810. 

618.  Alekseyevskiy  N.  Ye.,  Samsonov  G.  V.,  Shulishova  0.  I.  — 
ZhETF,  1963,  44,  1413. 

619.  Rabenau  A.  compound  Semiconductor ,  1,  N.  Y.  —  London,  1962, 

174. 


620. 

Samsonov  G 

621. 

Johnson  W. 

36,  2651. 

622. 

Samsonov  G 

V. ,  Lyutaya  M.  D.  - 
Parsons  I.,  Grew  M. 

V. ,  Lyutaya  M.  D.  - 


ZhPKh ,  1962,  35,  1680. 

-  J.  Phys.  Chem.,- 1952, 

ZhPKh,  1963,  36,  1416. 


623.  J  u  z  a  R.—  Angew.  Chem.,  1938,  13,  189. 

624.  F  r  a  n  k  1  i  n  E.  C.—  J.  Phys.  Chem.,  1912,  16,  683. 

62o.  Balmain  W.-J  Pract.  Chim.,  1842,  27,  422;  Phil.  Mag..  1842,  2t,  170. 

626.  Pease  R.  S.—  Nature,  1950,  165,  722.  • 

c  r  °  1  d  A .  Marluf  f  B.,  Pcrio  P.— C.  r.,  1958,  248,  1866. 

628.  Catalog  Section  H-8745  EC,  National  Trade  Mark,  Boron  Nitride,  Union  Carbi¬ 
de  Corporation.  1963. 

629.  K  r  o  II  W.—  Z.  anorg.  Chem.,  1918,  102,  17. 

630.  WibergE-Michand  H.—  Z.  Naturforsch.,  1954,  96,  497, 


631. 


Breger  A.  Kh.  Zhdanov  G.  S.  -  DAN  SSSR,  1940,  28,  630. 


492 


^y^fcy  feU^WlllljM  «*jgg 


» 


”N 


•  632.  Brill  R.,  Neumann  C.,  Peter*  G—  Naturwlss.,  1641,  66,  764. 

633.  Coulso'n  C,  Taylor  E.—  Proc.  Phyi.  Soc.  1652.  A65,  625,  834. 

634.  Dworkln  A..  Sasmor  D.,  Van  Artadaien  E.— J.  Chem.  Phys.,  1954, 
66.  637.  . 

635.  Lomer  W.,  Morton  K.-Proc  Phys.  Soc,  1953,  66A,  776. 

636.  Brame  E.,  Matgrave  J.,  Melocne  V.— J.  Inorg.  Nucl.  Chemistry,  1957, 

637.  M ill e r R,  W 1 1 k I n s C—  Anal.  Chem.,  1955,  24, 1253. 

638.  T  a  y  1  o  r  K.-Ind.  Eng.  Chem.,  1955, 47.  2506. 

639.  P  o  d  s  z  u  s  E.*—  Z.  anorg.  Chem.,  1917, 30,  156. 


640.  Ioffe  A.  P.  Pizika  poluprovodnikov.  (Physics  of  semi¬ 
conductors.)  Izd-vo  AN  SSSR,  M.,  19 5 7 • 

641.  Ingles  T.  A.,  Popper  P.  Special  Ceramics.  London,  1961, 

144. 


642.  Cmelins  Handbuch  der  anorg.  Chemie,  Bor,  Erganzunsband. 
Verlag  Chemie,  Wien,  1954,  160. 

643.  Pesenko  V.  V.  -  Poroshkovaya  metallurgiya,  1961,  4,  80. 


644.  Gal'chenko  G.  L.,  Kornilov  A.  N.,  Skuratov  S.  M.  —  ZhNKh, 
I960,  5,  1651. 


615.  Roth  W.—  Z.  Naltirforschung,  1945.  I,  574. 

&6.  Campbell  J.  et  a!.—  J.  Electrochem.  Soc.,  1949,  96,  318. 

647.  Remcle.—  Verh.  Phys.  Ges.,  1911,  13,  777;  Phys.  Z..  1911,  12,  971. 

648.  Pascal  P.—  Traitedc  chimic  minerale,  1933,  4,  608. 

649.  T  i  e  d  e  E.,  B  u  s  c  h  e  r  R—  Berichte,  1920,  53,  2203. 

650.  TiedeE.,  Schlude  A.—  Naturwlss.,  1923,  It,  745. 

651.  TiedeE.,  Tomaschck  R.—  Z.  anorg.  Chem.,  1S23,  29, 303. 

652.  Tiede  E.,  Tomaschek  R— Z.  anorg.  Chem.,  1925,  147,  111. 

653-  Moskvin  A.  V.  Katodolyumlnestsentsiya,  2.  GITTL,  M. ,  1949, 

515. 


654.  Samsonov  G.  V.  -  Atomnaya  energiya,  1963,  14,  588. 

655.  McDonald  K.  A.,  Stull  D.  R.— J.  Phys.  Chem.,  1961,  05,  1918. 

656.  Goldschmidt  V.—  Norsk. Gcol.  Tidskr.,  1926,9,258. 

657.  Deacon  R.  F„  Goldman  I.  R— Proc.  Poy.  Soc,  1957,  243,  464. 

658.  Hiroaki  T.,  Kikou  J.— Bull.  Chem.  Soc  Japan,  1962,  35,  1425. 

659.  Kabalkina  S.  S.,  Vereshchagin  L.  P.  -  DAN  SSSR,  i960,  134, 

330. 

660.  J  age  r,  Wes  ten  brink.— Proc.  Acad.  Amsterdam,  1926,  29,  1218. 

66J.  Wentorff  R.—  J.  Chem.  Phys.,  1957,  28,  956. 

662.  Wentorff  R.—  Gcochem.  News,  1957,  5. 

663.  NeuhausA.,  Meyer  H.—  Angew.  Chemie,  1957,  69, 55t.  ~  -  - 

654.  Wentorff  R.—  J.  Chun.  Phys.,  1962,  36,  1990. 

665.  Kleinman  L.,  Phillips  J.  C.-  -  Phys.  Rev.,  I960,  117,  460. 

666.  G  e  1 1  e  r  S. —  Phys.  Chem.  Solids,  1959,  10,  340. 

667.  M  e  c  h  a  n.—  .Marquctt,  1957,  2969. 


668.  Zagyanskiy  I.  L.,  Samsonov  G.  V.  -  ZhPKh,  1952,  25,  557. 

669.  Finlay  G.,  Fetterley  G.  -  Amer.  Cer.  Soc.  Bull.,  1952, 
31,  141. 


493 


G70.  Sc !i»  srzkcpi  P,,  OSnSc*  F. 

671.  Brewer  L.,  Haraldsfln  H.— 

672.  Scrichi  Nakathuri,  Azumo 
Shkensha.  Kokoku,  1960,  9,  59. 


-  2.  I4S.9  44  353. 

J.  EkVtiw!>eS;'Soe.i  'l955,'  K>2,  399. 

N.,  A  r  a  y  Z.—  Nagoya  Kogyo  Gtjntsu 


673.  Shafran  I.  G.  -  ZhPKh,  1940,  13,  1885. 

674.  Ubellode  A.  R.,  L’yuis  F.  A.  Grafit  i  yego  kristallichesklye 
soyedineniya.  (Graphite  and  its  crystal  compounds.)  "Mir",  1965, 

136. 

675.  Pierotti  R.  A.,  Petricciani  J.  C.  -  J.  Phys . ,  i960,  64, 

1596. 

676.  Broi  P.,  Steinberg  S.  —  J.  Amer.  rocket.  Soc.,  1961,  31, 

1460. 

677.  Poluboyarinov  D.  N.,  et  al.  -  Ogneupory,  1964,  2,  82. 

678.  Chepelenko  Yu.  V.,  et  al.  -  Ogneupory,  1964,  6,  253. 

679.  Weintraub  E.  -  United  States  patent  1135232;  Chern.  Abstr., 
1915,  9,  1535. 

630.  \V  e  i  n  t  r  a  u  b  F—  J.  Soc.  Chem.  Ind.,  1914,  33, 421. 

631.  Vournasos  A.—  Bull.  Soc.  Chem.,  191 1,  9.  508. 

682.  U  a  n  n  s  t  a  d  t  A.—  Bull.  Soc  Clicm.,  1969, 12,  34& 

683.  W  o  h  I  e  r  P.—  Liebigs  Ann.,  1850,  74,  71. 

684.  Rose  H.—  Poggend.  Ann.,  1950,  80,  255. 

6S5.  H  a  y  d  e  r  R.—  J.  Soc.  Chem.  Ind.,  1913,  32,  600. 

666.  H  a  y  d  c  r  R.-  Chein.  Ztg..  1914,  38, 29. 

637.  .Mayor  F„  Zappner  R.- Berichte,  1902,  3S, 535. 

688.  Laubcngayer  A‘„  Condicke  G.— J.  Amer.  Chem.  Soc.,  1948.  70,  2274, 

689.  S  t  o  c  k  A  .  H  o  1 1  e  W.—  Berichte.  1908,  41.  2095. 

690.  United  States  patent  2824787,  1958. 

691.  Stock  A.,  Blix  A.  -Berichte,  1901  34,  3044. 

692.  Podszus  E.  German  patent  282748,  1913. 

693.  C 1  a  r  k  H.,  H  o  a  r  d  J. — I.  Amer.  Chem.  Soc.,  1943,  *5,  21 15,1 

694.  S  t  a  h  1  e  r  A„  E  1  b  c  r  t  J.-  Berichie,  1913,  46,  2075. 

695.  Hompel.-  Berichte,  1890,  23,  3388. 

696.  M  o  s  c  r  L..  E 1  d  m  a  n  n  W.~  Berichte,  1 907,  35,  535. 

697.  Shafran  I.  F.,  Ormont  B.  F.  -Author’s  certificate.  SSSR, 
50556,  1936. 

698.  Mayer  F.  Zappner  R.  -  Berichte,  1921,  54,  560. 

699.  English  patent  742236,  1955. 

700.  Meyerson  G.  A.,  et  al.  -  Ogneupory,  1955,  20,  72. 

701.  Samsonov  G.  V.  -  Visink  AN  URSR,  1958,  5,  66. 


494 


702.  Zhirov  N.  P.  Lyuminofory.  (Luminophors. )  ONTI,  M.,  1940, 

351. 

703.  Sleptoov  V.  M.,  Samsonov  Q.  V.  -  ZhPKh,  1961,  34,  501. 

704.  Sleptsov  V.  M.,  Samsonov  G.  V.  -  In  the  book:  Kinetika  i 

kataliz.  (Kinetics  and  catalysis.)  Izd-vo  AN  SSSR,  M. ,  I960,  129 . 

705.  United  States  patent  2801903,  1957. 

706.  United  States  patent  2824787,  1958. 

707.  United  States  2808314,  1957. 

708.  English  patent  777000,  1957. 

709.  Moissan  H.-C.  r..  1897,  US,  206;  Ann.  Chlm.  Phy*„  1895,  6,  312. 

710.  S  t  e  i  n  G.—  Z.  anorg.  Ch*m.,  1907, 58,  166;  1912, 75, 218. 

711.  aclforti  D„  Blum  S.,  Vavarnik  B.—  Nature,  1961,  t90,  907. 

712.  G  u  « t  e  r  t  O..  M  o  1 *  i  R.—  Nature,  1962,  193, 57a 

713.  S  _  ts  I  f  I  D..  Mater.  Sd.  Technol.  Advan.  App!„  1962,  236. 

'714.  Pciitecost  J.  High  Temperature  inorganic  Coatings  Ed.  by  J.  Humenik, 

W.Y,  >963,51.  -  . .  .  r . . 

715.  Grafit  kak  vysokotemperaturnyy  material.  (Graphite  as  a 
high-temperature  material.)  "Mir",  M.,  1964. 

716.  Konstruktsionnyye  uglegrafitovyye  materialy.  (Structural 
carbon-graphite  materials.)  "Metallurgiya",  M.,  1964. 

717.  United  States  patent  2865715,  1958. 

718.  Vickery  R.  -  Nature,  1959,  185,  268. 

719.  Pease  P.  -  Acta  Crysts.,  1952,  5,  356. 

720.  Elotnikov  V.  F.,  Kuz’min  M.  L.  -  ZhPKh,  1935,  8,  429. 

721.  Stock  A„  H o f f  m a n n  B.—  Berichte,  1903,  35,  317. 

722.  Moaer  H„  Fiequelmont  A.— C.  r,  1934, 198,  1417. 

723.  Huffmann  E.  O.  et.al— J.  Amer.  Chem.  Soc,  1954,  76, : 6239. 

724.  Van  Vezer.  Posfor  i  yego  soyedineniya  (Phosphorus  and 
its  compounds).  IL,  II. ,  1962. 

725.  Herzog  A.'  H,  Nielsen  M.  L—  Anai._Chem„  1958,  30.  1490. 

726.  Samsonov  G.  V.,  Vereykin  L.  L.  -  Posfidy  (Phosohides ) . 
Iza-vo  An  USSR,  K.,  1961. 

727.  Remi  G.  Kurs  neorganicheskoy  khmin  (Course  on  inor~anic 
chemistry).  IL,  M. ,  1963. 

728.  Voznesenskiy  S.  A.  -  Uspekhi  khimii,  1955,  24,  440. 

729.  SharmaB.  D.,  Donohu e. J.—  Acta  Cryst,  1963i  16, 891. 

730.  Lundquist  J.—  J.  Inorg.  Nucl.  Chem,  1958,  6, 159. 


495 


S?V"  'W.fl*!  W:M>#W'.  s»! 


731*  Chizhikov  D.  M. 
(Selenium  and  selenides). 


4  * .  IT  T3 

)  ouiiaoiuvjj  v  •  i  « 

"Nauka",  M. ,  1964. 


eft! 

**  w  «*» w  '-‘J 


732.  Barnighaustn  H,  Volkmann  T.,  Junder  J.— Acta  Crystal  - 1953. 

1079.  j 

733.  Kecha nfrvalea  A;— Csackoat. J. Pkys,  1153, 3, 193. 

734-.  F  a  r  b  e  r  Cbara.  Phya,  1953, 21, Ira.  j 


4 


735.  Sairsonov  G.  V.  -  UKhZh,  1965,  31,  433. 

736.  Brewer  A.  Kh.  -  ZhFKh ,  1939,  10,  593. 

737.  Epel.’baum  V.  A.,  Breger  A.  Kh.  -  ZhPKh,  1940,  13,  595. 

733.  Raub  E.,  Plate  V.  -  Problemy  sovremennoy  metallurgii , 
1952,  4,  102. 

739.  Vtrkhoglyadova  T.  S.  -  In  the  book:  Redkiye  i 
redkozemel’nyye  elementy  v  tekhnike  (Rare  and  rare-earth  elements 
in  technology).  "Naukova  dumka*n  K.  >  1964,  104. 


741.  Minkevich  A.  N.-  Khimiko-termicheskaya  obrabotika 
metallov  i  splavov  (Chemicothermal  treating  of  metals  and  alloys). 
"Marhinostroyeniye" ,  M. ,  1965. 

742.  Yurgensoh  A.  A.  Azotirovaniye  v  elektromashinostroyenii 
(Nitrating  in  electrical  machxnebuilding) . *  Mashgiv,  Sverdlovsk  - 
Moskva,  1962. 

j  ‘  ; 

743.  Lakhtin  Yu.  M.  Fizicheskiye  osnovy  protsessa  azotirovaniya 
(Physical  bases  of  the  nitrating  process).  Mashgiz,  M.,  1948. 

744.  Popov  A.  A.  Termicheskiye  osnovy  khimiko-termicheskoy 
obrabotki  stall  (Thermal  bases  of  the  chemicothermal  treating  of 
steel).  "Metallurgizdat" ,  Sverdlovsk,  1962. 

745.  Samsonov  G.  V.,  Epik  A.  P.  Pokrytiya  iz  tugoplavkikh 
soyedineniy  (Coatings  of  refractory  compounds).  "Metallurgiya", 

M. ,  1964. 

„  „  746:  High-Temperature  inorganic  feattig*,  Ed.  by  J.  tpmmtiu,  Rw'nhdd  Pub). 

N.  Y. — London,  1963.  ( 

_  7t?'5*.22onov  ^  V‘  «t«L— Coating  of  Higb-Tenperalart  Material*.  Plenum 

Press,  N.  Y,  1966k. 

748.  Bungardt  K,  Rudlnoer  K.-Z.  Metaltkunde,  1958,  47.  577. 

749.  Minkevich  A.  N.,  Taymer  A.  D.,  Zot’yev  Yu.  A.  -  Metalloved- 
eniye  i  obrabotka  metallov,  1956,  7,  39. 


496 


750.  Smirnov  A.  V. ,  Nachinkov  A.  D.  -  Metallovedeniye  1 
termicheskaya  obrabotka  metallov,  I960,  3»  22, 

751.  Smirnov  A.  V.,  Nachinkov  A.  D.  -  Metallovedeniye  i 

termicheskaya  obrabotka  metallov,  I960,  7,  42. 

« 

^TSlOuIbrtnsen  E.  Andrew*  K.— Tran*.  Amer.  Inst  Min.  Met  Bnf, 

7S3.  Takeochi  Y.  et  a!.-^T  Japan,  Inst.  Met.,  1959,  23,  7. .' - . —  — 


754.  Nakani>K.eta).—  J.  Japan.  Inst  Met,  I960, 24, 8. 

755.  Metal  lnd„  1960, 97, 87. 

756.  Hovikova  Ye.  N.  -  In  the  book:  Titan  i  yego  splavy 
(Titanium  and  its  alloys),  3,  Izd-vo  AN  SSSR,  M.,  I960. 


757.  Grdina  Yu.  V. ,  Gordyayeva  A.  G.,  Timoshina  L.  G.  -  Izv. 
vuzov.  Chernaya  metallurgiya  1962,  6,  128.  In* the  book:  Diffuzion- 
nyye  pokrytiya  na  metallakh  (Diffusion  coatings  on  metals). 

"Naukova  dumka,"  K. ,  1965,  109. 


758.  Wyatt  J.  L.  G  r  a  n  t  N.  J.—  Iron  Age,  1954,  173,  121 


759.  Vurenko  0.  I.  -  Metallovedeniye  i ‘termicheskaya  obrabotka 
metallov,  1965,  10,  57. 

760.  Kalashnikova  M.  I.,  Zot'yeva  A.  S.  -  Metallovedeniye  i 
termicheskaya  obrabotka  metallov,  1964,  4,  46. 

761.  Akulov  A.  I.  -  Avtomaticheskaya  svarka,  1961,  9,  3. 

762.  Zemskov  G.  V.  et  al.  —  Metallovedeniye  I  termicheskaya 
obrabotka  metallov,  1964,  1,  52.  '. 


763.  Konev  V.  N.  Issledovaniya  po  zharoprochnym  splavam 
(Research  on  heat-resistant  alloys),  3,  Izd*-vo  AN  SSSR,  M.»  195b. 

764.  Arkharov  V.  I.,  Konev  V.  N. ,  Gerasimov  A.  F.  -  PMM, 
I960,  9,  659- 


765.  Gerasimov  A.  F.,  Konev  V.  N.,  Timofeyeva  N.  F.  -  FMM, 
1961,  11,  596. 

766.  Ruppert  W.,  Fed.  Rep.  of  Germany  Patent  1089240,  1961. 


767.  Financial  Time*,  ' 13.7, 62, 15. 

768.  Metal  Progress,  1961, 80, 143.  .* 

769.  F  o  s  t  e  r  L.  et  al— J.  Amer.  Cer.Sofc,  I960, 31 

770.  Summer  G.—  .Mech.  Engr„  Jab,  1941 


497 


771.  Samsonov  0.  V. ,  Semenov  Yu.  N . ,  Borodulin  P.  Ya. ,  - 
Ogneupory,  1962,  7,  332. 

772.  Degtyarev  V.  S.  and  others  -  Ogneupory,  1966,  5,  52. 
773.  Lersrii  P.  A.- Insulation  (USA),'  1963, %,'ti. 


77 Semko  I.  P.  and  others.  Almaznyye  instrumenty  i  ikh 
primeneniye  v  mashinostroyenii  (Diamond  tools  and  their  application 
in  machine  building),  "Mashlnostroyeniye" ,  Khar'kov,  1965. 

I  75^75  Ma,hien  J*  f»«r»»d  F^  Bonnier'  E.~Ttiera»dyn«mJci,  1966, 

776.  Tlukaseyev  A.  A.  and  others  -  Vestnik  mashinostroyeni va , 
1961,  3,  63. 

777.  Umanskiy  Ya.  C.,  Finkel* shteyn  3.  N.,  Blanter  M.  E. 
Fizicheskiye  osnovy  metallovedeniya  (Physical  bases  of  metal 
science)  Metallurgizdat ,  M. ,  1949. 

778.  Khagan  M.,  Kratnyye  soyedineniya  vklyucheniya  ,  (Multiple 
inclusion  compounds).  "Mir",  M.,  1966. 

779.  Breger  A.  Kh.  -  ZhPKh,  1941,  15,  927. 

780.  Umanskiy  Ya.  S.  -  In  tile  book;  Metallovedeniye  i  termi- 
cheskaya  obrabotka  (Metal  science  and  heat  treating).  Tr.  Mosk. 
in-ta  stali,  20,  Metallurgizdat ,K. ,  1940,  3. 

781.  Belikov  A.  M.  -  Author's  latstract  of  his  candidate  dis¬ 
sertation,  Mosk.  in-t  stall  (Moscow  Institute  of  Steel),  M. , 

1958.  '  . 

782.  Samsonov  G,  V.  -  DAN  SSSR,  1953,  93,  689. 

763.  Samsonov  G.  V.  -  Izv.  sektora  fiz-khim.  analiza  IONKh 
AN  SSSR,  1956,  27,  97. 


704. 

Samsonov 

0 . 

V. , 

Latysheva  V.  P.  -  PMM, 

1956, 

2,  309. 

735. 

Samsonov 

G. 

v.. 

Zhl'P ,  1956,  26,  716. 

7  36. 

Samsonov 

G, 

V., 

Neshpor  V.  S.  -  ZhETP, 

1956, 

30,  1143 

787. 

Samsonov 

G . 

V., 

Neshpor  V.  S.,  Kudintseva  G. 

> 

• 

i 

Raulotekhnika  i  elcKtronika,  1957,  2,  631. 

783.  Samsonov  G.  V.*,  Neshpor  V.  S.  -  Inzh.  fiz.  zhurn.,  1958, 

1,  30. 


498 


^^^^*^ygwa9>»H»^|ysa»gy* 


789.  Samsonov  0.  V.  -  ZhFKhO,  I960,  5,  515. 


790.  Samsonov  G.  V.,  Padsrno  V.  N.  -  Izv.  vuzov,  ser.  fiz., 
1966,  2,  61*. 


*£>  S,r‘V  |*~Po^.  Met Suli.‘  l95a  I,  Ml' 

792.  Rund I e  R.  E.—  Acta  Crvst.  IMS.  I  l tL 

793.  Engel  N. —  Powd.  met  Bull  )954,*7,  |_ _ ; 


Engel  N.—  Powd.  met  Bull^lS 


Cfir'w  W‘i^  Cto»knl  »nd  modem.  Me  Mitten  Co.  N.  Y,  1944. 

79a.  Kiesslin*  R.—  Powd.  Metellurgy,  1959,  a  177. 

™  5?.b.i  nSD>  £--,Pow<1-  Metallurgy*  1958, 1-2,  172. 

So  2  1  *  *  V-T  Z-  Ph**' ,fl58- 153  "A 

.  Interest  In  Nuclear  Reactor  Technology,  E4.  by  t.  Wa¬ 
ter  end  P.  Chlottl.  AIME,  Mietogso.  1984, 2a  7 

W.  Costa  P,  Co-n.te  R.  R.T»i  *e,  p.  i  .  . 

800.  Denker  S.  P.  Taw  xe,p.  51. 

i  ..r°7  GoJ,*tzk.i  .Ontersueiiung ,  der  msgnetfsehen.  elektrisehen  und  thermo- 

Und  NiiridC  def  4*  und  5*  Ub€re*n*roeU,,e- 


55?-  Dempsey  E. —  Phyl.  Ms*..  196a  A  28a 

nciMcoHoir.  b.— yx3ic  i . 


603 


,  196A  31.  1233. 


804.  Bersuker  I.  B .  ,i  Ablov  A.  V.  Kbmicheskaya  svyaz'  v 
kompleksnykh.  soyedineniyakh  (Chemical  finding;  in  complex  connections) 
Izd-vo  AN  Moll.  SSR,  Kishinev,  1962. 


805.  Orgel  L.  Vvedeniye  v  khimiyu  perekhodnykh  metallov 
(Introduction  to  the  ohevlstry  of  transition  metals).  "Mir,5*  M.,  1964, 


806.’  Boreakov  G.  K.  Kataliz  getercgennyy  (Heterogeneous 
catalysis).  Kratkaya  khlm.  entsiklopediya,  2,  M. ,  1963,  468, 


807.  Saasonov  a.  V.  -  P©ro5bi»vaya  metallurgiya,  1966,  12,  49. 

808.  Pryadko  I.  P.  -  Poroshkovay^  metallurgiya,  1966,  12,  6l. 


809.  Kozlova  I.  R. ,  Gurln  V*  N.,  Obukhov  A.  P.  -  Poroshkovaya 
metallurgiya,  1966,  12,  68. 


,,  «,o:  **, «« i i n *  L.  The  NstCre -of  the  Chernies]  Bond,  Third  Edition.  Cornell 
sity.  Press,  1900. 


Univer- 


811.  ‘Darken  L.  S.,  Gurri  R.  V.  Fizicheskaya  khimiya  metallov, 
Metallurgizdat ,  M. ,  I960,  77. 


1276. 


812.  Korsunskiy  M,  I.,  Ctenkin  Ya.  Ye.  -  DAN  SSSR,  1962,  142, 


813.  Korsunskiy  M.  I,,  Genkin  Ya.Ye.  -  Izv.  AN  SSSR,  ser, 
fiz,  1964,  28,  832. 


8l4.  Korsunskiy  M.  I.,  Genkin  Ya.Ye.  -  Izv.  AN  SSSR,  ser. 
neogr.  materialy,  1965,  1,*  1701J. 


499 


815.  Men'shikov  A.  Z..  Nemnonov  S.  A.  -  FMM.  1965.  19.  57. 

816.  L’vov  S.  N. ,  Nemchenko  V.  F. ,  Samsonov  G.  V.  -  DAN  SSSR, 
I960,  135,  577. 

817.  Romanov  V.  D. ,  Samsonov  G.  V.,  Nikitin  D.  I.  Author's 
certificate,  SSSR,  120509,  1959. 

818.  L’vov  S.  N.,  Nemchenko  V.  F.,  Samsonov  G.  V.  -  Ukr.  fiz. 
zh.,  1963,  8,  1372. 

819.  Koval'skiy  A.  Ye.,  Makarenko  T.  G.  -  ZhTF,  23,  265, 

1953. 

820.  Koval'skiy  A.  Ye.,  Makarenko  T.  G.  -  In  the  book: 
Mikroteverdost ’  (Microhardness).  Izd-vo  AN  SSSR,  M. ,  1951,  I87. 

821.  Samsonov  G.  V. ,  Rozinova  N.  S.  -  Izv.  sektora  fiz-khim. 
analiza  IONKh  AN  SSSR,  1956,  27,  126. 

822.  Fogel*  Ya.  -  ZhETF,  1945,  15,  545. 

823.  Samsonov  G,  V  -  Zhurn.  strukt.  khim. ,  i960,  1,  447. 

824.  Woddington  G.  -  Trans.  Farad.  Soc.,  1957,  53,  901. 

825.  L'vov  S.  N.,  Nemchenko  v.  F.  -  In  the  book: 
Vysokotemperaturnyye  neorganicheskiye  soyedineniya  (High-temperature 
inorganic  compounds).  "Naukova  dumka”,  K. ,  1965,  100. 

826.  Mott  N.,  Jones  N.  The  Theory  of  Properties  of  Metals  and 
Alloys,  Clarendon  Press,  Oxford,  1936. 

^  ^  827.  Neshpor  V.  3.,  Samsonov  G.  V.  -  DAN  SSSR,  1964,  157, 

828.  Shulishova  0.  I.  Sverkhprovodimost '  karbidov,  intridov 
perekhodnykh  metallov  i  ikh  tverdykh  rastovorov  so  strukturoy  NaCl 
(Superconductivity  of  the  carbides,  nitrides  of  transition  metals 
and  their  solid  solutions  with  a  NaCl  structure)  Author's  abstract 
of  his  dissertation,  IMF  AN  USSR.  K. ,  1966. 

829.  Klemm  W. ,  Schutt  W.  -  Z.  anorg.  Chem. ,  1931,  201,  24. 

830.  Samsonov  G.  V, ,  Neshpor  V.  S.,  Strel'nnkova  N.  S.  -  DAN 

USSR,  1958,  8,  838.  . 

831.  Costa  P.  et  a!.  Compounds  of  Interest  on  Nuclear  Reador  Technology  Ed. 
by  J.  Wd/er  and  Oiiotii  P.  AIME.  Michigan.  5964. 

832.  L'vov  S.  N.  et  al  -  Ukr.  fiz.  zh.,  1963,  1372. 

833.  Shmelev  B.  A.  -  Zav.  lab.,  1951,  6,  671. 

834.  Fukke ,  Morle .  -  Stahl  und  Eisen,  1943,  46,  845. 


i 


500 


’  ■'  - - -  ?■ 1  •  1 .  "-■iwi;. hi.h . . 'miimimiwm , mmj, wiii. i.y, jui.i 


8- 


835.  Fesenko  V.  V. ,  Bolgar  A.  S.  Ispareniye  tugoplavkikh 
soyedineniy  (Vaporization  of  refractory  compounds).  "Metallurgiya" , 
M. ,  1966. 

836.  Zhurakovskiy  Ye.  A.,  Vaynshteyn  E.  Ye.  -  DAN  SSSR,  1959, 
127,  534. 

837.  Vaynshteyn  E.  Ye.,  Chirkov  V.  I.  -  DAN  SSSR,  1962,  145, 

1031. 

838.  Gerasimov  A.  F. ,  Konev  V.  N. ,  Timofeyeva  N.  F.  -  FMM, 
1961,  11,  596. 


839.  Korsunskiy  M.  I.,  Genkin  Ya.  Ye.  In  the  book: 
Vysokotemperaturnyye  metallokeramicheskiye  materialy  (High-temperature 
cermet  materials).  Izd-vo  AN  USSR,  K. ,  1962,  36. 

840.  Vaynshteyn  E.  Ye.  et  al  -  FMM,  1961,  12,  360. 

841.  Neshpor  V.  S.  -  In  the  book:  Vysokotemperaturnyye 
metallokeramicheskiye  materialy  (High-temperature  cermet  materials). 
Izd-vo  AN  USSR,  K. ,  1962,  46. 

842.  Vurykina  A.  L.  et  al  -  Teplofizika  vysokikh  temperatur, 

1965,  6,  940. 

843.  Polishchuk  V.  S.  -  Poroshkovaya  metallurgiya,  1965,  7,  100. 

844.  Samsonov- G.  V.  -  In  the  book:  Redkiye  shchelochnyye 
metally  (Rare  alkali  metals).  Izd-vo  SO  AN  SSSR,  Novosibirsk,  1967. 

845.  Samsonov  G.  V.,  Paderno  Yu.  B.,  Fomenko  V.  S.  -  ZhTF, 

1966,  36,  1435. 

846.  Samsonov  G.  V.,  Fomenko  V.  S.,  Paderno  Yu.  B.  -  Ukr.  fiz. 
zh.,  1963,  8,  700. 


847.  Fomenko  V.  S,  Handbook  oj  TTtermotank  Properties  £4  bpSimsono*  O.  V. 
Plenum  Press,  N.  Y;  1966.  <  ,  -  - .  *  .  -1  .. 

•48.  Rentschler  H,  Henry  D.— ;Tr«ns.  Eledrocbota.  Soc,  1945,  87,  389. 

849.  HsssG.,  Jettsen  J.—J.  Appf.  Phys.  19(3,84, 3454. 


850.  Samsonov  G.  V.  et  al.  Fiziko-khimicheskiye  svoystva 
elementov  (Physicochemical  properties  of  elements).  "Naukova 
dumka",  K. ,  1966. 

851.  Samsonov  G.  V.  -  In  the  book:  Metody  ispytaniya  na 
mikrotverdost *•  (Methods  of  testing  for  microhardness).  "Nauka", 
M.,  1965,  59. 

852.  Nowotnv  H,  Vft  0  e  *  <r  P.TJia»ee  Seminar  #I>e  tt  mtfalgca*  ^963,  41 

853.  AeU  Metallurgies,  1965, 8, 194,: 

854.  Belikov  A.  M.,  Ueanskiy  Ya.  S.  -  Nauchnyye  doklady 
vysshey  shkoly,  1958,  1,  192. 


501 


flRR  . 

405. 

Samsonov  Q, 

v.  . 

*  *  j 

Neshpor  V. 

S,  -  DAN  SSSR.  1955. 

104. 

856 . 
1957,  4, 

Samsonov  G. 
181. 

v.. 

Neshpor  V. 

S.,  Khrenova  L.  M.  - 

FMM, 

857. 

Samsonov  G. 

V., 

Nvan'ko  G. 

A.,  Bazhenova  L.  N.  - 

■  Izv. 

AN  SSSR , 

Neorg.  materialy. 

1966,  2,  1194. 

858.  Ormont  B.  P.  Tezisy  postoyannogo  mezhinstitutskogo 
kollokviuma  po  tverdym  fazam  peremennogo  sostava  (Theses  of  the 
containing  interinstitute  colloquium  on  solid  phases  of  variable 
composition),  3,,  FKhI  im.  L.  Ya.  Karpova,  M. ,  1956. 

859.  Samsonov  G.  V.  Nitridy  (Nitrides).  Kratkaya  khim. 
entsiklopediya,  3,  M. ,  1964,  490. 


860.  Samsonov  G.  V.  -  In  the  book:  Khimiya  i  fizika 
intridov  (The  chemistry  and  physics  of  nitrides).  "Naukova 
dumka" ,  K. ,  1968,  9. 


861.  Samsonov  G.  V.  -  In  the  book:  Vysokotemperaturnyye 
metallokeramicheskiye  materialy  (High-temperature  cermet  materials). 
Izd-vo  AN  USSR,  K.  .  1962,  5. 

862.  Veryatin  U.  D.  et  al.  Termodinamicheskiye  svoystva 
neorganicheskikh  veshchestv  (Thermodynamic  properties  of  inorganic 
substances).  Atomizdat,  M. ,  1965. 

863.  Brodskiy  A.  I.  Fizicheskaya  khimiya  (Physical 
chemistry),  1.  Goskhimizdat ,  M.,  1948. 


8W.  Hoc k r is  J.  O.  M.,  W h i t e  J.  A*  Mackenzie  1 
surcuionis  at  H:^fj  Temperatures,  1959.  353. 


D.  Physicochemical  Mea- 


865.  Rakovskiy  A.  V.  Vvedeniye  v  fizicheslcuyu  khimiyu 
(Introduction  to  physical  chemistry)  GONTI,  M. ,  1938. 

866.  Johnson  A.  -  United  States  Patent  2480473,  1949, 

867.  Bugakov  D.  K.  -  Stal’,  1958,  5,  457. 

868.  Repkin  Yu.  D.  Metallokeramicheskiye  zharoprochnyye 
splavy  tipa  SAP  (Cermet  heat-resistant  alloys  of  the  SAP  type). 
Izd-vo  AN  USSR,  K.,  1964. 

Sri)  J.  '.ion  and  Steel  Inst  Japan,  40,  279,  1954. 

870.  N'aiure.  1958,  182,  4630,  255. 

871.  Kurbin  C.  L. —  Iron  Age  Metal  Work  International,  1964,  3,  20. 

872.  Nature.  1927,  181,  4622. 


873.  Kaynarskiy  I.-S.,  Degtyareva  E.  V. ,  Kukhtenko  V.  A.  - 
Ogneupory,  i960,  4,  175. 

874.  Kaynarskiy  I.  S.,  Degtyareva  E.  V.  Karborundovyye 
ogneupory  (Carborundum  refractories ) .  Metallurgizdat ,  M. ,  1963. 


502 


,V  - 


-  — T 


875.  Samsonov  G.  V.  -  In  the  book:  Ogneupornoye 
roizvodstvo  (Refractory  production).  Metallurglzdat ,  M.f  1965, 
82-512. 


876.  Duglas  D.,  Falikov  L.  -  In  the  book:  .  Sverkhprovodimost ’ 
(Superconductivity).  "Nauka",  M.,  1967. 


877.  Engineering,  I960,  139,  4908,  572. 

878.  Brown  R.  W.,  Landback  C.  R. —  Ceramic  Bulletin,  1959,  7,  352. 


879.  Samsonov  G.  V.,  Pen’kovskiy  V.  V.  -  Optika  i 
spsktroskopiya,  1961,  11,  410. 

880.  Lakh’ V.  I.  et  al  -  Tsvetnyye  met ally  1961,  8,  38. 

881.  Samsonov  G.  V.,  Kislyy  P.  S.  Author’s  certificate  of 
the  USSR  126203,  1959 

882.  Finlay  G.  United  States  Patent  2529333,  1950 

883.  Abbey  A.  English  Patent  716836,  1954. 

884.  Prikhod’ko  L.  I.  -  Poroshkovaya  metallurgiya,  1966, 

1,  17. 

885.  Finlay  G. — J.  Electrochem.  Soc.,  1952,  99,  58. 

886.  Foster  L.—  ASM  Review  ot  Metal,  Literature,  1952,  9,  737. 

837.  Chem.  Eng.,  1953,  60.  186. 

883.  Bush  0„  Vander griff  R..  Hanley  T.-J.  Appl.  Phys,  1949,  20.  295. 

889.  O Iso ir  E.,  Layer  E„  Middleton  A.- J.  Electrochem.  Soc.,  1955,  102,  73. 

890.  Chem.  and  Eng.  News..  1946.  24,  3361. 

891.  Chem.  Abs.,  1949,  43,-4957. 

892.  Chem.  Abs.,  1950,  44.  10524. 

893.  F  u  s  o  n  N.—  J.  Appl.  Phys..  1949,  20, 59. 

894.  Milton  R.—  Chem.  Rev..  1946. 39,  149. 

895.  M  a  1 1  h  i  a  s  B.—  Phys.  Rev.,  1953,  92,  874. 

896.  Samsonov  G.  V.  -  In  the  book:  Tekhnicheskaya  magnitnaya 
gidrodinamika  (Technical  magnetohydrodynamics).  ’'Metallurgiya", 

M.,  1965,  39. 

897.  Yasinskaya  G.  A.,  Kogan  S.  F.  -  Ogneupory,  1963,  10, 

472. 


898.  Fed.  Rep.  of  Germany  Patent  1075839,  1953. 

899.  Samsonov  G.  V.  -  Kinetika  i  kataliz,  1964,  6,  424. 

900.  Schonberg  N.  -  Acta  Chem.  Scand.,  1954,  8,  627. 

901.  Asanova  M.  P.,  Gerasimov  A.  F.,  Konev  V.  N.  -  FMM, 
I960,  9,  689. 


902.  Isayev  V.  F. ,.  Morozov  A.  N. 
i  gornoye  delo,  1964,  2,  13. 


903.  Nowotny 

904.  Ru  1y  E,  B 


I.  et  al.—  Mh.  Chem.,  1961. 92,403. 
nesovsky  F.— ■  MH.  Chem..  1961, 92, 415. 


Izv.  AN  SSSR,  metallurgiya 


505 


A-  v  •  IWM.WJ,  !>,,■ 


LUUll  I. JhJI|llipppiMll.lJH  ^ 


saw  waj.;. 


905. 

<w, 

907! 

90S. 

909. 

910. 

911. 

912. 

913. 


B  i  f  t  n  e  r  H.  ct  a  I.—  Mh.  Chem,  1963,  94.  518. 

5"- 5»sy  «»,  Bciir jovsky  r.,  Rudy  E, —  Mh.  Chem,  i960,  VI,  348. 
R  a  b  e n  a  u  A,  E c  k  e r  1  in  P.—  Naturwiss..  1959, 46.  106. 

J  e  f  f  r  c  y  G.  A,  W  u  V.  Y.-  Acla  Cryst.,  1963, 16,  559. 

J  e  f  f  r  e  y  G.  A..  W  u  V.  Y.-  Acta  Cryst,  1966,  20. 538. 

Brener  G,  Es  set  born  R.~  Z.  anorg.  Chem.,  1961,  308,  52. 

J  u  z  a  R,  H  u  n  d  F.—  Z.  anorg.  Chem,  1961,  257,  276. 

J  u  z  a  R,  H  a  u  g  J. —  Z.  anorg.  Chem,  1961,  309,  276. 

Goubcau  J,  Anselment  W.— Z.  anorg.  Chem,  1961,. 310,  248. 


914. 

915. 

916. 

917. 

918. 

919. 
920 
921. 


J  u  z  a  R,  H  e  n  e  r  s  J.—  Z.  anorg.  Chem,  1964,  332,  159. 

Juea  R,  Friedrich  sen  H.— Z.  anorg.  Chem,  1964,  332,  173. 
Schonberg  N.—  Acta  Mdallurgica,  1954,  2,  427. 

Juza  R,  Gieren  W,  Hang  J.— Z.  anorg.  Chem,  1959,  300,  61. 
Sachse  W,  Jtiza  R.--  Z.  anorg.  Chem,  1919,  259,  278. 

Kiessling  R,  Peterson  L.— Acta  Metallurgy*,  1964,  2,  675. 
B  r  a  u  c  r  G.—  J.  Less-Common  Metals,  I960,  2.  131. 

StoneL.  Margolin  H.—  J.  Metals.  1933.  5.  1498. 


922.  Yeremenko  V.  N.  Mnogokomponentnyye  splavy  titana 
(Multicomponent  alloys  of  titanium).  Izd-vo  AN  USSR,  K. j  1962. 


923.  BrauerG,  Lesser  R.—  Z.  Mctallkunde,  1959,  50,  512, 

924.  J  a  c  k  K.  1L-  Toe.  Roy.  Soc.,  1948,  AI95,  41. 

525.  5  p  e  r  n  e  r  F,  M  e  i  \  n  e  r  J.—  Z.  Metallkunde,  1959,  50.  691. 
r‘-6  (j  I  e  m  s  e  r  O.  et  a  I.—  Nairn  wiss,  1955,  42,  44. 

927.  G  e  r  i  n  g.—  Z.  anorg.  Chem ,  1955,  278,  53. 

928.  K  i  e  f  I e  r  R,  B « n e s o  v  s  k  y  F,  Lux  B.—  Plansc  -beriebte,  1956,  4,  30. 

929.  Nowotny  H,  Lux  B,  Kudielka  H.— Mh.  C  n,  1956.  87,  447. 

930.  Turkdoean  E.  T,  Ignatovicz  S.— J.  Iron  oieel  Inst,  1053,  188,  242. 

931  Kazakov  V.  K.,  Gorodetskiy  S.  S.  -  Poroshkovaya 
metallurgiya,  1966,  4,  65. 

932.  Prlkhod'ko  L.  I.  -  In  the  book:  Vostnik  Kiyevskogo 
polltekhn.  in-ta,  ser.  mekhaniko-tekhnologicheskaya  (Journal  of 
the  Kiev  Polytech. Inst . ,  Mechanical-Technological  Series).  Izd-vo 
KGU,  K. ,  1965,  59. ’ 

933.  Diagrammy  sostoyan.^ya  metallicheskikh  sistem,  I-VIII 
(Phase  diagrams  of  the  metallic  systems,  I-VIII).  Edited  by 

N.  V.  Ageyeva.  BINITI^  M. ,  1959-1964. 

934.  Permyakov  L.  N.  et  al  -  Izv.  AN  SSSR,  Metallurgiya  i 
gernoye  delo,  1964,  4,  68. 

935.  Street  R„  Waters  T.~ J.  Less-Common  Metals,  1963,  5,  295. 

936.  Schcil  E,  Mayr  W,  Muller  J.— Arch.  Eisenhuttenwescn,  1962  33,  385. 

957.  B  o  u  e  h  a  r  d  J.  P.  ct  al.—  C.  r,  1966,  262,  640.  • 

938.  L  a  u  r  c  n  t  Y,  Lang  J.—  C.  r,  1966,  262,  103. 


93 9.  Umber  D. ,  Elliott  D  -  Problemy  sovremennoy  metallurgii, 

1961,  1,  (55),  2. 

940.  B  u  r  d  e  s  e  A.—  Metallurgia  ital,  1955,  47,  357. 

941.  F  a  s  t  J.  D,  V  e  r  r  i  j  p  M.  B.-  Acta  Metall,  1955,  3,  203. 

942.  Rawlings  R,  Tambini  D.— J.  Honstal  Inst.  Nov,  1956,  302. 

943.  Ductile  Chromium  and  its  alloys,  Publ.  by  the  American  Soc.  for  Metals,  Cleve- 
lend,  Ohio,  1957. 

,944.  Rawlings  R.—  J.  Iron  and  Steel  Inst,  1957,  185,  441. 

945.  Turkdogan  E.  T,  Ignatowic  S.—  J.  Iron  and  Steel  Inst,  1956,  185,  200. 


325. 


946,  United  States  Patent  2750268,  1956;  RZhKh,  1958,  9, 


504 


947.  Pinsker  Z.  G,,  Kaverin  S.  V.  -  Tr.  In-ta  kristallografii 

AN  SSSR,  1956,  12,  3. 

I?F1*n  k  —  Czechos).  Journ.  Phys.,  1956,  6,  5. 

43  130  ^  N-.  Nickel  H.,  lmota  S.— Ber.  Deutsch.  Keram.  Ges.,  1966, 

950,  S  t  o  k  e  s  C.  S..  K  n  i  p  e  W.  E.—  Eng.  Chem.,  1960,  52,  287, 

951.  Al  e  y  e  r  H.—  13cr.  Deutsch.  Keram.  Ges.,  1962,  39,  1 15. 

.952.  L  e  v  i  n  s  t  c  1  n  M.  A.—  Metal  Finishing  Journ.,  1960,  8,  72. 

953.  Soy  bolt  A.  H„  Or  la  ns  R.  A.— J.  Metals  Sect.,  1956,  11,  8,.  556. 

95^.  Konozenko  I.  D.  -  Uspekhi  fiz.  nauk,  1955,  283,  1. 

955.  Dalisov  V.  B.,  Zamikhovskiy  V.  S.,  Pokhmurskiy  V.  I  - 

Piz.  khim.  mekhanika  materialov,  1966,  2,  173* 

936.  Mabzorie  M  G.,  Briggs  J.  Z.— J,  Less-Common  Alloys,  of  Molybdenum, 

Climax  Molybdenum  Company,  1962,  93. 

957.  Mikhorriee  A.  K.,  Martin  J.  \V. —  J.  Less-Common  Metals,  1960,  2,  392. 

958.  Meyer  O.,  Eilender  W.— 'Arch.  Eisenhuttenwesen,  1938,  II,  545. 

959.  A  n  s  e  I  i  n  F.  ct  a  1. —  C.  r.,  1965,  19,  174. 

960.  Zhurakovskiy  Ye.  A.,  Dzeganovskiy  V.  P.  -  DAN  SSSR, 

1963,  150,  1260. 

961.  Hoenig  C.  L.,  Searcy  A.  W.  Vaper  Pressure  and  Evaporation  Coefficient 
Studies  of  the  Berillium  Nitride  (BejNj),  Technical  Conference  on  Compounds  of  Interest 
in  Nuclear  Reactor  Technology,  University  of  Colorado,  1964. 

962.  Bugl  J,  Bauer  A.  A.  Corrosion  and  Oxidation  Characteristics  of  Uranium 
Mononitride  (Tan  we). 

963.  La  pet  P.  E.,  Holden  E.  B.  Thermodynamics  of  the  Urnnium-Nitrogen 
System- (t a  m  we). 

954.  Ende  Brock  R.  W.,  Foster  E.  L.,  Keller  D.  L.  Characterization  and 
Properties  of  Arc- Melted  Uranium  Moninitride  (t a  m  we). 

965.  Barnighausen  H,  Volkmann  T.— Acta  Cryst.,  1966,  21,  571. 

966.  Shulishova  0.  I.  -  Izv.  AN  SSSR,  Neorg.  materialy, 

1966,  2,  1434. 

19  7257  Bevan  D'*  L'nco,n  Fn  Richardson  F.— Austral.  J.  Chem.,  1966. 

968.  Benz  R„  Zac hariaseii  W.  H.— Acta  Cryst.,  1966,  21,  838. 

969.  Morean  C..  Rhflf  ppot  J.— C  r.,  1963,  257,  5366. 

970.  Samsonov  G.  V.,  Kharchenko  V.  K.,  Struk  L.  I.  - 
Poroshkovaya  metallurgiya,  1967,  12. 


1428. 


971.  Zhurakovskiy  Ye.  A.,  Gorskiy  V.  V.  -  DAN  USSR,  1966,  11, 


972.  Gavrilyuk  M.  I.,  Yershova  V.  T.,  Koistantinov  V.  A.  - 
Metallovedeniye  i  termicheskaya  obrabotka  metallov,  1966,  12,  37. 

973.  Belotskiy  A.  V.,  Mokhort  A.  V.,  Permyakov  V.  G.  - 
Izv.  vuzov,  Chernaya  metallurgiya,  1966,  5,  147. 

974.  Janes  S.,  Nixdorf  J.  -  Ber.  Deutsch.  Keram.  Ges.,  1966, 
43,  136. 

975.  Kuznetsova  I.  G.,  Poluboyarinov  D.  N.  -  Ogneupory, 

1967,  3,  48. 


505 


976.  J  a  k  e  5  o  v  5  L.,  Jakes  D.— Atomic  Energy  Rev..  1963,  I,  3.  . 

977.  Uranium  Carbides,  nitrides  and  silicides,  8iblio>$raphioal  Series,  14,  Internatio¬ 
nal  Atomic  Eiurgy  Agency,  Vienna,  1965. 

978.  Goretzki  Untersuchung  der  magnetischen  elcktrischen  und  thermo- 
etektrischcn  Eigenschaften  der  Karbide  und  Nitride  der  4a  und  5a-UbergangsmcUlle. 

Dissertation,  Universitat  Wien,  1963. 

979.  Buslayev  Yu.  A.  et  al  -  Izv.  AN  SSSR,  Neorg.  materialv, 

1 966,  2,  2120.  &  ** 

980.  B'raucr  G.,  Weidlein  J.,  Strahlo  J.— Z.  anorg.  Ciictn.,  1966,  348,  *96. 

981.  H  a  r  z  G..  G  eb  h  a  r  d  t  E.—  Z.  Metallkunde.  1966,  57,  737. 

9s2.  Ilrauer  G.,  Lcibbrandt  F.— J.  Less-Common  Metals,  1967,  12,  57. 

983.  Laurent  Y,  Lang  J.—  C.  r.,  1966,  263,  340. 

984.  Hon  G,  Gebhardt  E. —  Z.  Metallkunde,  1966,  57,  812. 

985.  Zhurakovskiy  Ye.  A.  -  DAN  USSR,  1967,  3,  240. 

u86.  Br’a’uer  G.,  Weidlein  J.  R.— Angew.  Cliem.,  1965,  77,  913. 

987.  Berth  old  H.  J.,  Dellichausen  C— Angew.  Chem.,  1966,  78,  750. 

988.  Gyunter  F.,  Shnayder  Kh.  G.  -  Kristallograflya,  1966,  11, 


2885. 


989.  Tsuchida  T. ,  Wallace  W.  E.  -  J.  Chem.  Phys.,  1965,  43, 


990.  Struk  L.  I.,  Dubovik  T.  V.,  Kazakov  V.  K. 
1967,  2,  59. 

991.  Krasotklna  N.  I.  -  Ogneupory,  196/,  6,  33. 

L  y/icli  R..  Drikn/ncr  H.— J.  Chem.  Phys.,  1966,  44,  181. 

ooi  utt*?3yC‘r  ?•••»» 5 "Vi?  °7  Ras*aer.ts  H.— Mh.  Chemie,  1966,  97.  1258, 

£  ,c  1 *  c  r  s  0  n  h,  W  a  r  d  R.~  Inorg.  Chem.,  1966,  5.  1312. 

99o.  F !  a  s  s  e  r  L„  H  o  g  G.-  J.  Phys.  Chem..  1966,  70,  281. 

996.  Aronson  S,  Auskcrn  A.-J.  Phys.  Chem,  1966,  70,  3937, 

Campbell  j..  Leary  J.— J.  Phys.  Chem..  1966,  70,  2703. 

5  202^8"Str3Uman‘S  M*  Faui,Ie  c-  James  W.~lnorg.  Chem.,  1966, 


Ogneupory, 


999.  O  k  o  in  o  (o  U..  G  o  s  w  a  m  i  L.—  Ino:g.  Chem ,  1966,  5,  1281. 

1000.  Shin  z  iro  Wakao,  Kiyoshi  ioshimura,  Tsuwemi  Natehabr 
k-eizo  Mat  sud  a,  Proc.  Facult.  of  Science  of  Tokev  University,  1966  1,  83 

Ml.  Toth  L.  F,  Wang  C.  P,  Yen  C.  M --Acta  MMallurgica,  1966,  14,  1403. 
1002  Krikorian  E,  3-heed  R  —  J.  Appl.  Ph-,s,  I9‘>6,  37,  3674. 

1003.  Pastrnak  J.,  Roskovcova  J.— Phys.’ Stat.  Sol,  1966,  14,  K5. 

1004.  Benz  R,  Bowmen  M  G.—  J.  Amor.  Chem.  Soc,  1965,  88,  2932. 

1005.  Olson  W,  M  u  I  f  o  r  d  R.—  J.  Phys.  t  hem,  1966,  70.  2832. 

I!3  1279  ‘  D0°  V‘  Y”  Nishols  D-  R-  s G.  A.-J.  Ekctroehcm.  Soc,  1966, 

10f'7.  Whan  D.  B.  Me— J.  Chem.  Phis,  1%6,  44,  3528. 

I(V.’8  Junod  P,  Levy  F.  -  Phys'I.ctleis,  11)6,23,  11. 

Ur  9  Busch  0-  ct  a  1.-  -  Fhvs.  I  otters,  1965,  14,  264. 

1010  Junod  P,  Month  A.  Vogt  O.-  Phys.  Letters,  1966,  23,  626. 

1011.  Fedder  R,  Cooper  B,  Schumacher  P.— Bull.  Amer.  Phys.  Soc, 
i yt)6,  ii,  1 5. 

1012.  Atomic  U.  S.  Energy  Comiss,  PWAC.—  481,  1965;  C.  A.  1966,  65,  1413c. 

1013.  S  a  lo  R.  — J.  Phys.  Soc.  Japan,  1966,  21,  1623. 

1014.  Brit.  Patent  1005425,  1965. 

1015.  Pauling  L.— Proc.  Nat.  Acad.,  Sci.  America,  56,  1646,  1966. 

1016  Kazuo  Kawabc.  Katsumi  Yoshino,  Yoshio  Jnnischi.— J.  Phys. 
Sec  Japan,  1966,  2t,  1004.  .  * 

1017.  M  o  o  d  y  L  .  Thomas  J.—  Chem.  Education,  1966,  43,  205. 

1013.  Williams  M,  Balls  K,  Pickus  M.— J.  Phys.  Chem.  Solids.  1967. 
2S.  333. 

1019.  Olson  W,  Mulford  R.—  J.  Phys.  Chem,  1965,  69,  1223. 


506 


u  -A— 


f!5B?55 


mmmmmmm 


I  ! 


i 


! 


! 


A' 


*> 


1020.  W  i  i  e  S.  et  a  1.-  -  J.  Phys.  Chom.,  1966,  70, 7. 

1021.  EttmayerP.-Mh.  Chemle,  1966,  B7,  1249. 

1022.  Bent  R„  Z ache ri« sen  W.  H.-Acte  Cryst.,  1966,  21.  838. 

1023.  Neuenach  wander  E.— J.  Le»s-Coinmon,  Metal*,  1966,  II,  365. 

1024.  R  o  u  b  1  n  M.  P„  P  a  r  i  s  J.  M—  C.  r.,  1966, 263, 1381. 

1025.  Bradley  R.  S,,  Munro  0.  C.,  Whitfield  M.— J.  inorg.  nuel.  Otem., 
1966,28.1803. 


1026.  Chizhikov  D.  M.  Kadmiy .  "Nauka",  M.,  1967. 

1027.  Chizhikov  D.  M. ,  Schastlivyy  V.  P.  Tellur  i  telluridy 
(Tellurium  and  tellurides).  "Nauka",  M.,  1966. 

1028.  Vol'skiy  A.  N.,  Sterlin  Ya.  M.  Metallurgiya  plutoniya 
(Metallurgy  of 'plutonium) .  "Nauka",  M. ,  1967. 

1029.  Tarasov  V.  V. ,  Demidenko  A.  F. ,  Mal'tsev  A.  K.  -  Neorg. 
materialy,  1967,  3,  957. 

1030.  Pechentkovskaya  L.  Ye.,  Dubovik  T.  V.  ,  Nazarchuk  T.  N.  - 
Neorg.  materialy,  1967 ,  3,  963. 

1031.  Portnoy  K.  I.  et  al  -  Porcshkovaya  metallurgiya,  1968, 

3,  32;  5,  87. 

1032.  Yurgenson  A.  A.  -  Metallovedeniye  i  termich.  obrabotka 
metallov,  1967,  7,  2. 


1033.  At  a  d  a  r  R.  ct  a  1.-  C.  f..  1967,  264,  308. 

1034.  S  1  r  a  u  m  a  n  i  s  M.  E.,  F  a  irn  c  e  C.  A. —  Z.  anorg.  Chem.,  1967,  353,  329. 

1033.  Eckerl i n  F..  Rabcnan  A.,  Nortmann  H.~  Z.  anorg.  Cltcm.,  1967, 

353,  113. 

1036.  B 1 1 1  y  M.,  C  o  1  o  m  b  c  a  u  F.—  C.  r..  1967,264,392. 

1037*  Samsonov  G.  V. ,  Paderno  Yu.  B.,  Rud'  B.  M.  -  Izv. 
vuzov,  Fizika,  1967,  9,  129. 

1038.  Poluboyarinov  D.  N. ,  Shishkov  N.  V. ,  Kuznetsova  I.  G.  - 
Izv.  AN  SSSR,  Neorg.  materizly,  1967,  3,  1828. 

1039.  Gel'd  P.  V.  et  al  -  Izv.  AN  SSSR,  Neorg.  materialy, 
1967,  3,  1835. 

1040.  Kazakov  V.  K.  -  Izv.  AN  SSSR,  Neorg.  materialy,  1967 
3,  1661. 


1041  An  selin  F..  Preparation  et  Etude  des  nitrures  et  carbonitrunes  d’uranium 
et  dc  pluion  "m,  commi?eriat  a  Penergic  alemique  France,  centre  d  eludes  nuclea.res  de 

F°“Wott: HPPptuttkyR,G^BeUr,ich«96ber  die  111.  International!  Pulvermetal- 
lurgislhe  Tngung  in  Eisenach  vo^.  f^-15  Mai  1965.  AkademicYerlag.  Berlin,  1966.  249. 
“  B  1043.  Da  vi  d  J.,  L  a  n  d  J.-C.r.  1965,  26  U005 

1044  R  0  u  b  At  P„  P  a  r  i  s  J.  M. —  C.  r.,  1966,  262,  1  lol. 

1045.'  Rebouillat  J.  P-,  Vey  siie  J.-  1964.  259.  4239. 


1046.  Muller  K, ,  Hollerer  H.  Konfereneja  metalurgii  pv 
20-23.  Collection,  referatov  II. IX  1967,  chast'  II,  691. 
1967. 


507 


“vfcJi'WJ  .u^  AL4J£^L !!iJ- w*-^ 'tfWKgWL  -vpa^Jt  lV*  “  . 


1  nl!7  PaI  ^  ohnhul/  \T  Q  DorrwoKAf  Iro  -f-  o  IrJin  r\  1  r\cr  1  *1  r\n  1  1 1  n Vl on *f  V a 

■»■  v  •  |  •  ■*•  WJ-iW*iwilUlV  V  •  U  |  UUUX  UUV  V<VU  WvfviiiiVAW^*-.  £*  v  —  vwt*v  •  •  — ^  **• 


nitridov  nekotorykh  metallov  (Development  of  the  technology  of 
producing  of  nitrides  uf  certain  metals )  •  Author* s  abstract  of* 
his  dissertation,  IPM  AN  USSR,  K. ,  1967. 

1048.  J.  Industrial  Heating,  1962,  29,  2004. 

1049.  Taylor  A.,  Doyle  N.  J.  -  J.  Less-Common  Metals,  1967, 


13.  299. 

1050.  Ayvazov  M.  I.,  Melekhin  V.  F.  -  Neorg.  materialy,  1967 
3,  2109. 

1051.  Lakhtin  Yu.  M. ,  Kogan  Ya.  D.  -  Metallovedeniye  i 
termicheskaya  obrabotka  metallov,  1968,  1,  24. 


1052.  Ames  I.,  Kaplan  J.  H. ,  Roland  P.  A.  -  The  Review  of 
Scientific  Instruments,  1966,  37,  100. 

1053.  French  Patent  1300785;  United  States  Patent  34969, 

I960. 

1054.  ti  n  r  H,  L  a  n  e.— J.  Electrochem.  Soc.,  1957, 104, 12. 

1055.  Naoumidis  A.— Her.  Kernforscluiiigsanlagc  Julich.  1967,  472. 

1056.  Ricffer  R.,  EHmayer  P.,  Dubsky  T.— Z.  Mctallkunde,  1967,  58.  560. 

1057.  Ayvazov  M.  I.,  Golubev  I.  I.,  Dmitriyev  V.  P.  -  Izv. 
AN  SSSR,  Neorg.  materialy,  1968,  4,  152. 

1058.  Andreyeva  T.  V. ,  Kazakov  V.  K..  Rogozinskaya  A.  A.  - 
Izv.  AN  3SSR,  Neorg.  materialy,  1968,  4,  54. 

1059.  Kutolin  S.  A.,  Vulikh  A.  I.  -  In  the  book:  Metody 
polucheniya  kbimieheskikh  reaktivov  i  preparatov  (Methods  of 
producing  of  chemical  reagents  and  preparations).  16,  Izd-vo 
IREA,  M.,  1967,  52. 

1060.  Ryklis  E.  A.,  Bolgar  A.  S.,  Lyutaya  M.  D. , 

Fesenko  V.  V.  -  Poroshkovaya  metallorgiya,  1968,  2,  64. 


1061".  David  J.,  Lang  J.—  C.  r.,  1967,  265,  581. 

1062.  Gebhardt  E,  Rothenbach  R,  Kverens  I.— Z.  Metallkunde,  1967, 

^  ‘  1063.  H  aschke  H..  Nowotny  H.,  Benesovsky  F.— Mh.  Chem.  1967,  98. 
2157. 


1064.  Lashko  N.  F.,  Glazova  A.  I.,  Gus’kova  Ye.  I.  -  Izv. 

AN  SSSF.,  Metally ,  1968,  2,  224. 

1065.  Klevtsur  S.  A.,  Sedel’nikov  T.  Kh.  -  Izv,  AN  SSSR, 
Neorganicheskiye  materialy,  1968,  4,  60^. 

1066.  Morozova  M.  P.,  Gal’braykh  E.  I.,  Smirnova  V.  A.  - 
Izv.  AN  SSSR,  Neorganicheskiye  materialy,  1968,  4,  523. 

1067.  Ormont  B.  F.  -  Izv,  AN  SSSR,  Neorganicheskiye  materialy, 
1968,  4,  611. 


508 


?  5  ■  -M  5STT  ws? 


1068.  Stasovskaya  V.  V.  -  Author's  abstract  master's  degree 
disseration,  PIM  AN  USSR,  K.,  1967. 

1069.  Shulishova  0.  I.  -  In  the  book:  Khimiya  i  fizlka  nltrldov 
(The  chemistry  and  physics  of  nitrides).  "Naukova  dumka",  K. , 

1968,  157. 

1070.  Samsonov  G.  V.  -  Piz.-khim.  mekhanlka  materialov,  1968, 

5,  502. 

1071.  Kutolin  S.  A.,  Vulikh  A.  I.  -  In  the  book: 

Promyshlennost '  khimicheskikh  reaktivov  i  osobo  chistykh  veshchestv 
(The  production  of  chemical  reagents  and  especially  pure 
substances).  Izd.  IRF.A,  M.,  1968,  13  (19),  26. 

1072.  Laurent  Y.,  Lang  J. ,  Le  Bihan  M.  Th.  -  Acta  Cryst.,  1968, 
B24 ,  i»94. 

1073.  Lyutaya  M.  D. ,  Vdovenko  S.  A.  -  In  the  book:  Khimiya 
i  fizika  intridov  (The  chemistry  and  physics  of  nitrides). 

"Naukova  dumka",  K. ,  1968,  101. 

1074.  Seybold  D. ,  Denicke  K.  -  Z.  anng.  Chem.,  1968,  361,  277. 

1075.  Lyutaya  M.  D. ,  Goncharuk  A.  B.  -  In  the  book:  Khimiya 
i  fizika  intridov  (The  chemistry  and  physics  of  nitrides). 

"Naukova  dumka",  K. ,  1968,  62. 

1076.  Ariya  S.  M. ,  Morozova  M.  F.,  Khernburg  M.  M.  -  In  the 
book:  Khimiya  i  fizika  nitridov  (The  chemistry  and  physics  of 
nitrides).  "Naukova  dumka",  K. ,  1968,  130. 

1077.  Frantsevich  I.  N. ,  Lyashchenko  A.  B.  -  DAN  URSR,  1968, 
ser.  A,  11,  1051. 

1078.  Ayvazov  M.  I.,  Domashnev  I.  A.  -  Poroshkovaya 
metallurgiya,  1968,  9,  51. 

1079.  Kurganov  G.  V.,  Levinskiy  Yu.  V.  et  al  -  In  the  book: 
Khimiya  i  fizika  intridov  (The  chemistry  and  physics  of  nitrides). 
"Naukova  dumka",  K. ,  1968,  4?. 

1030.  Ondracek  G.,  Petrov  G. —  J.  Nuclear  Materials.  1968,  25,  132. 

1081.  Gebhardt  E.,  Rothenbacher  R.,  Kverens  I.—  Z.  Metallkunde,  1967, 

5S,  790. 

1082.  Roubin  M.,  Paris  I.  M.— J.  Less-Common  Metals,  1968,  15. 

1083.  Blum  P.  L.,  L  a  n  g  i  e  r  J.,  M  a  r  t  i  n  J.  M.,  M  o  r  1  e  v  a  t  J.  P.—  C.  r,  1968, 

266,  1456. 

1084.  Thomas  I.,  Weston  J.,  O'C  o  n  n  o  r  T.—  J.  Am.  Chem.  Soc,  1963, 

84.  4819. 

1085.  Khusidman  M.  B.,  Sharupin  B.  N.  -  Radiokhimiya,  1967 

9,  279.  .  ' 

1086.  Khusidman  M.  B.,  Neshpor  V.  S.  -  Piz.  tverdoKo  tela 
1968,  10.  1229. 


1087.  Khusidman  M.  B.,  Neshpor  V.  S.  -  Teur.  i  eksp.  khimiya, 
1967,  2,  ?70. 

1088.  Payner  I.  S.  Author's  abstract  master's  degree 
dissertation,  IPM  AN  USSR,  K. ,  1969. 

1089.  Dzhuzeyev  U.  D. ,  Ramazanov  P.  Ye.  -  Izv.  vuzov, 
fisika,  1968,  7,  74. 

1090.  Samsonov  G.  V. ,  Kharchenko  V.  K. ,  Struk  L.  I.  - 
Poroshkovaya  metallurgiya,  1968,  3,  59. 

1091.  Afanas'yev  V.  F.,  Karpinos  D.  M.  -  Poroshkovaya 
metallurgiya,  I966,  7,  49. 

1092.  Dushin  Yu.  A.,  Dmitriyev  A.  V.  -  Izv.  AN  SSSR,  Neorg. 
mater.,  1968,  4,  1596. 

1093.  Staker  D.  -  Proc .  Roy.  Soc.,  1962,  270,  397 - 

1094.  Niaentsu  K. ,  Dauson  Dzh.  Khimiya  borazotnykh 
soyedineniy  (The  chemistry  of  boron-nitrogen  compounds).  "Mir", 

M. ,  1963,  227. 

1095.  RodcwnldH.  I—  Cliimia.  1960,  14.  1'62. 

1095  RodewaldH.  1.— Chimin,  1961,  IS.  251. 

1097.  Filonenko  N.  Ye.  et  al  -  Trudy  VNIIASh,  1966,  2,  5. 

1098.  Nikitina  G.  P.,  Filonenko  N.  Ye.  -  Trudy  VINIIASh, 

1967,  5,  16. 

1099*  Kuznetsova  I.  G.,  Poluboyarinov  D.  N.  -  In  the  book: 
Khimiya  i  fizika  nitridov  (The  chemistry  and  physics  of  nitrides). 
"Naukova  dumka" ,  K. ,  1963,  105. 

1100.  Paderno  Yu.  B.,  Andreyeva  T.  V.  et  al  -  In  the  book: 
Khimiya  i  fizika  nitridov  (The  chemistry  and  physics  of  nitrides). 
"Naukova  dumka",  K. ,  1968,  168. 

1101.  Bolgar  A.  S.  et  al  -  In  the  book:  Khimiya  i  fizika 
intridov  (The  chemistry  and  physics  of  nitrides).  "Naukova 
dumka",  K.,  1968,  151. 

1102.  Mironov  I.  A.,  Stroyeva  I.  A.  -  In  the  book:  Khimiya 
i  tekhnologiya  lyuminoforov  (The  chemistry  and  technology  of 
luminophors ) .  "Khimiya",  L. ,  1968,  71. 

1103.  Kuper  K.  F.  et  al  -  In  the  book:  Spetsial'naya 
keramika  (Special  ceramics).  "Metallurgiya",  M.,  1968,  39. 

1104.  Pletyushkin  A.  A.,  Slavina  N.  G.  -  Izv.  AN  SSSR, 

Neorg.  mater.,  1968,  4,  393. 


rlT-MT- 24-6  2-70 


510 


1105.  Slavina  N.  G.,  Pletyushkin  A.  A.  -  In  the  book:  Khimiya 
i  flzika  nitridov  (The  chemistry  and  physics  of  nitrides).  "Naukova 
dumka",  K. ,  1968,  90. 

1106.  Pesenko  V.  V. ,  Bolgar  A.  S.  Inpareniye  tugoplavkikh 
soyedineniy  (Vaporization  of  refractory  compounds). 

"Metallurgiya" ,  M.,  1966. 

1107. "  Pehlk'e.  Elliot  J.— Trans.  Met.  Soc.  AIME,  1959,  215.  781. 

1108.  Wolff  E..  A 1  cock  C.— Trans.  Brit.  Ceram.  Soc.,  1962,  61,  667. 

1109.  Artamonov  A.  Ya.  et  al  -  Poroshkovaya  metallurgiya, 

1967,  9,  58.  ‘ 

1110.  Artamonov  A.  Ya. ,  Dzhafarov  Ya.  A.  -  Poroshkovaya 
metallurgiya,  1967,  12,  78. 

1111.  Katanov  L.  M.,  Konev  V.  N.  -  In  the  book:  Khimiya  i 
fizika  nitridov  (The  chemistry  and  physics  of  nitrides). 

"Naukova  dumka",  K. ,  1968,  172. 

1112.  Prikhod’ko  L.  I.  -  In  the  book:  Khimiya  i  fizika 
intrldov  (The  chemistry  and  physics  of  nitrides).  "Naukova 
dumka",  K. ,  1968,  84. 

1113.  Prikhod’ko  L.  I.,  Sobolevskiy  L.  I.  -  Poroshkovaya 
metallurgiya,  1968,  12,  22. 

1114.  Andreyeva  T.  V.,  Kazakov  V.  K. ,  Pogozinskava  A.  A.  - 
Teplofiz.  vys.  temp.,  1967,  5,  612. 

1115.  Andreyeva  T.  V.,  Kazakov  V.  K. ,  Rogozinskaya  A.  A.  - 
Izv.  AN  SSSR,  Neorg.  mater.,  1967,  3,  1418. 

1116.  Samsonov  G.  V.,  Kazakov  V.  K.  -  Ogneupory,  1965,  7,  29. 

1117.  Gorodetskiy  S.  S.,  Kazakov  V.  K.  -  Izv.  AN  SSSR,  Necrg. 
mater.,  1968,  4,  1067. 

1118.  Ryklis  E.  A.,  Bolgar  A.  S.,  Fesenko  V.  V.  - 
Poroshkovaya  metallurgiya,  1969,  1,  95. 

1119.  Levinskiy  Yu.  V.  et  al  -  Izv.  AN  SSSR,  Neorg.  mater., 

1968,  4,  2068. 


F^r-MT-24-62-70 


511 


Stcuritv  CUnlflotl 


DOCUMtNT  CONTROL  DATA  -RAD 

(Stcurltr  el»ttlHc*H*n  el  ( lilt,  hod*  »l  SiitHCt  and  Indaalna  annalallen  must  6<  trttsrerf  whan  lha  overall  report  la  claaalllad) 


i.  originating  activity  (’Corporal*  eutftor;  [u.kifoktiicukitv  classification 

Foreign  Technology  Division  |  UNCLASSIFIED 

Air  Force  Systems  Command 
U.  S#  Air  Force 


lift.  GROUP 


A.  DESCRIPTIVE  notcs  (Typa  o/  report  and  Inc  tut  I  va  datta) 

Translation 


0<  AyTHORtll  (Firat  nmma,  middle  Initial,  laat  nama) 


Samsonov,  G.  V. 


•  ■  REPORT  DATS 

1969 


M.  CONTRACT  OR  GRANT  NO. 


7m,  TOTAL  NO.  OF  PAGES  |76.  NO  O  F  SEFS 


1119 


SO.  ORIGINATOR'S  KIPOUT  NUMBfRIU 


6.  »MJ«CTNO.  72302-78 


FTD-MT-24-62-70 


9b.  OTHER  REPORT  NO(St  (Any  otfiR  numbers  that  may  ba  maatlnad 
thia  raport) 


Distribution  of  this  document  is  ■ 
the  Clearinghouse,  Department  of 
public. 

unlimited.  It  may  be  released  to 
Commerce,  for  sale  to  the  general 

n.  supplementary  notes 

n.  abstract 

1 2  SPONSORING  MILITARY  ACTIVITY 

Foreign  Technology  Division 
Wright-Patterson  AFB,  Ohio 

The  principal  bases  of  technical  progress  are  the  development  of 
power  ngineering  [energetics],  the  automation  of  production  and 
Lhe  de.elopment  of  new  materials.  Such  new  materials  must  satisfy 
the  complex  requirements  of  contemporary  technology,  possessing 
either  individual,  specific,  rather  clearly  expressed  properties, 
or  complexes  of  properties.  Among  such  materials  the  most  promising 
are  the  refractory  metals,  their  alloys,  and  also  compounds  of  re¬ 
fractory  metals  with  nonmetals  -  boron,  carbon,  nitrogen,  silicon, 
and  so  forth,  many  of  which  are  already  being  successfully  used  in 
electronics,  atomic  power  engineering,  semiconductor  and  dielectric 
technology,  space  technology,  contemporary  machine  building,  metal¬ 
lurgy,  the  chemical  industry,  electrical  technology  and  other  fields. 
Special  interest  is  being  manifested  in  compounds  of  metals  and 
nonmetals  and  nitrogen,  the  so-called  nitrides,  among  which  many 
possess  high  refractoriness,  dielectric  and  semiconductor  proper¬ 
ties,  the  ability  to  develop  superconductivity  at  relatively  high 
temperatures,  with  high  chemical  stability  in  different  aggressive 
media,  wear  resistance,  and  others  -  catalytical  activity,  low 
melting  points,  low  values  of  hardness,  lubricating  properties. 
[AM9024037] 


DD 


FORM 

I  NOV  65 


1473 


5 


Best  Available  Copy 


UNCLASSIFIED 

Security  Classification 


UNCLASSIFIED 


curity  Classification 


Nitride 
Boron  Nitride 
Ionic  Nitride 
Transition  Metal 
Alkali  Metal 
Alkaline  Earth  Metal 
Aluminimum 
Aluminum  Nitride 


ROLE  I  WT 


Best  Available  Copy 


